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ABSTRACT 


An  investigation  into  the  applicability  of  solids  in  a  nuclear  gyroscope 
was  made.  The  performance  of  rate  and  position  gyroscopes  was  evaluated 
using  experimentally  determined  characteristics  of  representative  types  of 
solids  and  some  liquids,  and  a  breadboard  pulsed  coil  position  gyro  was 
fabricated  to  test  principles  and  to  provide  direct  experimental  data  on 
materials.  It  was  concluded  that  normal  solids  would  not  admit  inertial 
quality  performance.  However  one  found.  It  was  further 

noted  that  liquids  categorically  allow  performance  superior  to  solids. 


Publication  of  this  technical  documentary  report  does  not  constitute  Air 
Force  approval  of  the  report’s  findings  or  conclusions.  It  is  published 
only  for  the  exchange  and  stimulation  of  ideas. 
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1.  INTRODUCTION 

The  analogy  between  the  spinning  elements  of  the  nucleus  and  the 
gyroscope  wheel  has  prompted  investigators  for  many  years  to  seek  instru¬ 
mentation  which  would  use  this  spin  as  the  space  reference  in  a  non-mechani¬ 
cal  gyroscope  or  inertial  stabilization  system.  Designs  of  nuclear  gyro¬ 
scopes  are  based  on  the  nuclear  paramagnetic  property  of  some  materials 
and  the  application  of  nuclear  magnetic  resonance  techniques.  A  major  con¬ 
sideration  in  all  the  designs  has  been  the  problem  of  the  type  of  material  to 
use  and  its  environmental  conditions  to  give  optimum  gyro  performance. 

In  a  general  way  non- solid  materials  have  been  reasonably  well  explored 
although  fundamental  research  continued  to  bring  new  characteristics  to  light, 
particularly  with  respect  to  changes  in  the  physical  environment  of  tempera¬ 
ture  and  pressure.  The  capabilities  of  solids  are  not  nearly  as  well  under¬ 
stood.  Accordingly  a  program  to  study  the  feasibility  of  a  solid  state  nuclear 
gyro  was  undertaken.  The  results  of  this  study  are  reported  in  this  report. 

The  performance  objectives  against  which  the  potential  gyro  is  to  be 
measured  is  a  drift  rate  of  0. 001  degrees  per  hour,  a  figure  somewhat  better 
than  the  fixed  drift  (uncompensatable)  of  the  best  current  inertial  systems. 
Other  desirable  features  are  ruggedness,  reliability,  and  non -mechanical  op¬ 
eration. 

The  approach  was  both  analytical  and  experimental.  On  the  analytical 
side  a  search  was  made  of  the  literature  on  nuclear  magn'^tic  resonance  in 
solids,  theoretical  descriptions  of  system  performance  were  developed,  and 
various  solids  were  tested  in  these  equations.  Techniques  of  performance 
improvement  were  examined  for  applicability,  Including  microwave  and  opti¬ 
cal  enhancement  possibilities,  and  the  ramifications  of  doped  solids  were  ex¬ 
plored  for  a  guide  to  potentially  useful  materials. 

On  the  experimental  side  a  breadboard  model  of  a  two -degree  of  free¬ 
dom  position  gyro  was  fabricated;  it  offered  a  means  for  directly  examining 
the  gyroscopic  utility  of  materials  and  was  of  interest  intrinsically  due  to  its 
novelty.  Further  it  offered  direct  experimental  confirmation  of  performance 
theories  arising  from  material  properties.  The  expressions  for  signal -to - 
noise  ratio  and  drift  due  to  magnetization  noise  were  developed  for  this  sys¬ 
tem. 


Finally,  with  the  present  program  completed,  conclusions  can  be  made 
regarding  the  feasibility  of  a  solid-state  nuclear  gyro.  The  conclusions  are 
based  on  the  evaluation  of  nuclear  gyro  performance  for  solids;  comparison 
with  a  liquid-state  nuclear  gyro  indicates  the  liquid  phase  is  preferable  for 
high  gyro  performance. 
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2.  NUCLEAR  GYRO  PERFORMANCE  EQUATIONS 


The  applicability  of  solids  in  a  nuclear  magnetic  resonance  gyro  was 
investigated  analytically.  This  investigation  proceeded  along  two  lines.  A 
complete  review  of  the  literature,  classified  and  unclassified,  was  made  per¬ 
taining  to  nmr  studies  performed  with  solids.  Proposals  and  presentations 
describing  the  performance  of  a  gyroscope  based  on  the  gyroscope  properties 
of  a  collection  of  nuclear  spins  were  reviewed.  The  literature  review  will  be 
discussed  in  the  next  section.  In  this  section  the  formulae  which  have  been 
developed  and  used  to  evaluate  nuclear  gyro  performance  will  be  presented. 

2.1.  BACKGROUND 

It  is  not  possible  to  develop  the  equations  showing  resonance  error 
measurements  and  directional  drift  for  a  generalized  nmr  gyro.  This  is 
especially  true  for  solids.  Even  in  ordinary  nmr  of  solids,  a  complete 
analysis  of  the  magnetization,  relaxation  times  and  signal  have  never  been 
worked  out.  Consequently  it  is  necessary  to  analyze  the  performance  of 
various  classes  of  gyros  and  then  evaluate  each  system  as  arfunctlon  of  dif¬ 
ferent  solids. 

We  will  analyze  and  discuss  two  classes  of  gyros,  the  rate  gyro  and 
the  position  gyro.  Our  review  indicated  that  only  two  rate  gyro  schemes  have 
been  sufficiently  detailed  to  be  considered  for  our  evaluation  of  solids,  the 
one  proposed  by  GPI  (Ref.  1)  in  their  March  1960  report  and  the  one  by 
Motorola,  Inc.  (Ref.  2)  of  April,  1962.  For  the  position  gyro  we  will  use 
the  scheme  and  formulae  developed  by  Arma  and  discussed  in  detail  in  sec¬ 
tion  6.  This  represents  the  only  position  gyro  analysis  ever  completed  since 
no  other  was  uncovered  in  the  literature. 

Both  rate  gyro  approaches  are  based  on  the  principle  that  the  resonant 
frequency  of  the  rf  oscillator  of  the  nmr  system  is  a  linear  function  of 
the  inertial  rate  of  the  nmr  apparatus.  This  effect  results  from  the  inertial 
rotation  of  the  driving  field  coils  about  the  polarizing  field  direction. 

It  will  be  assumed  from  the  start  that  Bloch's  equations  can  be  used  for 
describing  the  magnetization  of  solids  within  certain  limits.  Redfield  (Ref. 

3)  has  stated  that  the  Bloch  equations  may  be  considered  an  approximation 
for  describing  behavior  in  a  solid  under  certain  limited  conditions.  As  we 
stated  before,  due  to  the  complexity  of  the  problem  and  to  arrive  at  some 
evaluation  of  the  performance  of  solids  in  the  nuclear  gyro  the  derived  equa¬ 
tions  for  drift  and  signal-to-noise  ratio  will  be  applied  here. 

2.2.  RATE  GYRO  PERFORMANCE  EQUATIONS  -  SYSTEM  I 

The  Motorola  analysis  of  nuclear  gyro  performance  assumes  a  conven¬ 
tional  nmr  scheme  with  a  nuclear  spin  system  that  is  described  by  the 
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Bloch  equations.  The  sample  is  contained  within  a  coil  of  a  shunt  resonant 
circuit  which  detects  an  rf  signal  whose  amplitude  is  proportional  to  the 
nuclear  magnetization  component  Mu  (the  component  of  M  parallel  to  in 
the  rotating  frame).  That  is, 

S  =  CMu  (1) 

where  C  is  a  constant. 

Any  instrumentation  noise  An  accompanj|ing  the  signal  S  constitutes 
an  error  and  will  cause  a  directional  drift  in  the  nuclear  gyro.  The  mean 
square  directional  drift  for  a  sample  of  spin-lattice  relaxation  T^  and  spin- 
spin  relaxation  time  T2  is  given  by 

8RT| 

where  t  =  drift  time  interval 

Tq  =  period  of  cutoff  frequency  of  signal  output  circuit 

R  =  y  2  jj2  T2 

%  =  enhancement  factor 


_N 

\ns 


(2) 


and  S/N  is  the  peak  signal  to  rms  noise  ratio  which  was  developed  by 
Bloembergen,  Purcell  and  Pound  (Ref.  4)  and  is  expressed  by 


S/N  =  1.  6  X  10-4  V'f 

Y 1/3  3/2  iji  3/2 


T2 


1/2 


BFTi 


(3) 


where  V^.  =  volume  of  coil 

N  =  total  number  of  nuclei  in  the  spin  system 
I  =  nuclear  spin 
T  =  ambient  temperature 
H  =  polarizing  field 
h,  k  =  constants 

Y  =  gyromagnetic  ratio  of  sample 
B  =  signal  bandwidth 
F  =  noise  figure 


Another  source  of  error  which  contributes  to  the  gyro  directional  drift 
is  that  due  to  the  magnetization  noise  in  the  nuclear  spin  system;  this  noise 
is  an  inherent  property  of  the  nuclear  spin  system  so  that  its  corresponding 
error  and  drift  are  independent  of  the  type  of  instrumentation  used  to  observe 
the  signal.  It  is  estimated  that  the  rms  nuclear  magnetization  noise  is  of  the 
1/2 

order  ^  N  /V  in  a  bandwidth  of  the  order  of  l/Z^T  where  is  the  nuclear 
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magnetic  moment,  V  is  the  sample  volume,  and  Zq  is  the  resonance  satura¬ 
tion  factor  (1/1+ R).  This  noise  will  give  rise  to  a  directional  drift 


k,(M)l  =  2t(UR)Ti2 

/  3IkT  \  2 

(4) 

L  ^  J 

NRTg^ 

This  equation  represents  the  minimum  possible  drift  for  any  type  of  signal 
and  for  a  nuclear  spin  system  obeying  the  Bloch  steady  state  magnetization 
equations. 

2.3.  RATE  GYRO  PERFORMANCE  EQUATIONS  -  SYSTEM  II 

The  approach  presented  by  the  GPI  group  is  basically  similar  to  that 
of  the  Motorola  group.  A  conventional  nmr  system  is  assumed  with  a  spin 
system  that  may  be  represented  by  the  Bloch  equations.  This  scheme  de¬ 
viates  from  the  Motorola  presentation  in  that  the  signal  or  voltage  induced  in  ,  ,  j,. 

the  pick-up  coil  is  related  to  the  time  derivative  of  the  component  of  the  : 
magnetizationi  that  is, 

S  =  KMy  where  My  =  A  sin  Wt  +  B  cos  wt  (5) 

where  K  is  a  constant. 


Any  instrument  noise  will  cause  a  shift  in  the  mean  frequency  (W  = 

H)  which  will  lead  to  an  uncertainty  in  the  phase  of  the  nuclear  signal 
after  operating  for  a  time  t.  Using  the  above  relation  for  the  signal,  the 
variance  in  the  phase  0  is  given  by 


E  (02)  = 


(6) 


where  Pjsj  =  total  noise  power 

Pg  =  signal  power 

The  signal-to-noise  is  the  same  as  equation  (3). 


2.4.  POSITION  GYRO  PERFORMANCE  EQUATIONS 

A  complete  analysis  of  the  pulsed  position  gyro  is  given  in  section  6  of 
this  report.  The  Arma  nuclear  gyro  uses  nuclei  which  have  been  aligned  by 
a  magnetic  field  to  establish  a  position  reference  in  space.  Pulsed  magnetic 
fields  are  applied,  the  polarized  nuclei  allowed  to  remain  in  a  field-free 
environment  for  a  period  of  time  and  then  the  orientation  is  detected. 
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The  signal-to-noise  ratio  for  this  system  is  derived  in  a  later  sec¬ 
tion,  however  in  order  to  simplify  the  calculations  we  have  introduced  two 
approximate  relations: 

(1)  Q  =  0. 037  1^1  , 

which  is  from  Bloembergen,  Purcell  and  Pound  and  (2) 

(2)  L  =  47r  P^/y  1 

'^c 

which  is  from  Abragam  (Ref.  5,  p.  71).  With  these  substitutions  the  signal- 
to-noise  ratio  fori^he  pulsed  position  gyro  becomes 

S/j^  =  0. 03  (If  /ihNe  ^  P) 

3/4  - - - 

kjr  T^,  HTAvA 

where  “  sensing  field 

Hp  =  magnetizing  field 

Vq  =  volume  of  sample 

b  =  noise  figure 
t  ’i^ignal  drift  interval 
AV*  =  bandwidth 

It  will  be  shown  that  the  drift  rate  due  to  magnetization  noise  in  the 
material  is  given  by 

,  1/2 

Do  (M)  =  1  _ STT  kT _ / (8) 

t  V^v’  Vc^T2h  ';  HpT. 

where  n  =  number  of  drift  periods  within  the  observation 

time 

I'^iftinhancement  factor 
tc  =  critical  averaging  time 
t  =  signal  drift  interval 

2. 5.  RESULTS 


The  signal-to-noise  ratio  and  drift  rate  obtained  for  the  various  solids 
using  the  above  equations  is  presented  in  section  4  of  this  report. 
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3.  REVIEW  OF  LITERATURE 

It  was  seen  early  in  our  . ‘program  that  a  complete  review  of  all  litera¬ 
ture  pertaining  to  the  nuclear  magnetic  resonance  of  solids  would  be  neces¬ 
sary.  The  magnitudes  of  the  various  resonance  properties  of  solids  had  to 
be  known  in  order  to  perform  any  analytical  or  experimental  work.  Since 
the  theory  of  nm  r  in  solids  is  not  advanced  far  enough  for  any  of  these 
properties  to  be  calculated,  they  had  to  be  obtained  from  actual  measure¬ 
ments,  either  our  own  or  from  published  results. 

The  properties  in  which  we  are  primarily  interested  are  the  following: 
spin-lattice  (Tj)  and  spin-spin  relaxation  times  (T2),  gyromagnetic  ratio, 
and  the  magnetic  moment.  These  numerical  values  are  necessary  to  deter¬ 
mine  gyro  performance  using  the  equations  of  section  2  of  this  report. 

Consequently  the  scientific  literature,  both  classified  and  unclassified, 
was  carefully  reviewed  and  a  bibliography  compiled  of  work  performed  in 
nuclear  magnetic  resonance  with  solids.  The  result  of  this  work  is  listed  in 
Appendix  A.  The  bibliography  covers  the  period  of  1959  to  the  present  with 
selected  earlier  references  included. 

3.1.  THE  CHOICE  OF  SOLIDS  FOR  PERFORMANCE  EVALUATION 

From  our  compilation  we  selected  all  solids  which  had  published  values 
for  the  specific  properties  of  interest.  Table  I  is  a  list  of  these  materials 
showing  the  spin  value,  Ti  and  T2,  gyromagnetic  ratio,  magnetic  moment, 
nuclear  concentration,  ambient  temperature  and  the  magnitude  of  possible 
enhancement. 


It  should  be  noted  that  all  relaxation  times  (T^  and  T2)  shown  in  Table  I 
were  determined  by  measurement  at  the  given  temperature  T.  The  materials 
cover  a  wide  range  in  relaxation  time  and  temperature.  Tg  Varies  from  1 
microsec  to  0. 4  sec,  Tj  varies  from  0.  008  sec  to  18  hours  and  the  tempera¬ 
ture  varies  from  2.  5“K  to  750®  K.  The  materials  themselves  cover  a  wide 
range  of  various  solids,  such  as  alkali  metals,  plastics,  semiconductors  and 
protons  absorbed  onto  metal  wire.  For  comparison,  three  liquids  are  also 
included  in  the  table. 

The  list  may  seem  short  compared  to  the  total  amount  of  nm  r  work 
performed  in  this  field.  The  reason  is  that  the  spin-spin  relaxation  time  (T2) 
which  is  of  primary  importance  in  our  application  is  often  not  reported,  the 
published  research  work  usually  having  other  principal  goals.  Ctf  course 
this  is  not  to  say  that  every  solid  with  known  specifications  has  been  listed. 
Some  may  have  been  missed  in  our  search.  However  the  main  point  is  that 
we  have  listed  materials  with  a  wide  range  of  resonance  properties  which  will 
be  used  to  evaluate  gyro  performance  with  a  wide  range  of  conditions.  Any 
other  materials  within  the  true  solid  class  which  may  be  added  to  the  list  will 
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probably  have  constants  which  fit  into  the  limits  already  considered  and  thus 
will  not  alter  our  conclusions.  For  a  more  comprehensive  discussion  of  the 
intrinsic  characteristics  of  solids  reference  should  be  made  to  section  5.  0. 
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4.  ANALYSIS  OF  NUCLEAR  GYRO  PERFORMANCE 


The  performances  of  the  rate  gyros  and  the  position  gyro  were  calcu¬ 
lated  for  each  of  the  materials  listed  in  Table  I.  The  results  are  presented 
in  tabular  and  graphical  form.  For  this  analysis  the  equations  for  signal-to- 
noise  ratio  and  directional  drift  given  in  Section  2  were  used. 

4. 1.  PERFORMANCE  OF  RATE  GYROS 


Since  the  signal-to -noise  ratio  is  the  same  in  both  the  Motorola  and  the 
GPI  rate  gyro  systems,  equation  (3)  of  Section  2  was  used  to  calculate  S/N 
for  both  systems.  Drift  due  to  instrument  noise  in  the  Motorola  system  was 
calculated  from  equation  (2)  and  drift  due  to  magnetieation  noise  was  obtain¬ 
ed  from  equation  (4).  The  drift  rate  in  the  GPI  system  due  to  instrument 
noise  was  calculated  from  equation  (6). 

The  following  values  were  used  for  the  parameters  for  each  material  in 
the  calculations: 


Vq  (volume  of  sample)  = 

F  (noise  figure)  = 
B  (bandwidth)  = 

H  (magnetic  field)  = 

R(=r  ^Hi^TiTg)  = 

t  (drift  time)  = 

h  =  6.  6  X  10'27  erg-sec 

k  =  1.4  X  10"^®  erg/“K 
Tg  =  1  sec 


ICC 

2 

1  cps 
2000  gauss 

1 

1  hour 


The  value  of  R  chosen  here  results  in  a  maximum  signal  sensitivity. 

Table^I  shows  the  results  of  the  calculations  and  figures  1  and  2  repre¬ 
sent  these  results  in  graphical  form.  The  signal-to -noise  ratio  and  direc¬ 
tional  drifts  are  plotted  as  a  function  of  the  ratio  T1/T2.  This  ratio  T^/To 
is  taken  as  the  independent  variable  only  for  convenience  of  representing  the 
data.  S/N  is  the  signal -to-noise  ratio,  Dq(N)  is  the  directional  drift  due  to 
instrumentation  noise  in  the  GPI  scheme,  Dm(N)  and  DM(N)  are  the  direc¬ 
tional  drifts  due  to  instrumentation  and  magnetieation  noise  respectively,  in 
the  Motorola  scheme. 


The  signal-to-noise-ratio  is  the  same  for  both  rate  gyro  schemes  but 
the  drift  is  different  for  each  scheme  since  the  signal  readout  instrumenta¬ 
tion  differ.  The  data  shows  a  wide  variation  of  S/N  due  to  the  wide  range  of 
temperature  and  relaxation  times  of  the  materials.  Signal-to -noise  ratio 
varied  from  a  value  of  1  for  Sl29  to  10®  for  solid  He®.  We  note  that  the 
higher  S/N  ratios  are  obtained  for  T2  and  Tj  equal  or  approximately  equal 
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and  at  low  operating  temperatures.  Thus  the  very  poor  S/N  ratio  of  Si^®, 
Ce®®,  and  others  are  attributed  to  the  low  T2/Tj^  ratio  and/or  high  op¬ 
erating  temperatures.  Except  for  solid  He®  all  the  solids  had  a  S/N  ratio  of 
10®  or  less. 


Similarly  the  drift  showed  a  wide  variation  in  values,  ranging  from  10~® 
deg/hr  for  solid  He®  to  10®  deg/hr  for  Si®®.  Figure  2  shows  this  data  plotted 
as  a  function  of  T1/T2.  It  is  clear  that  most  of  the  solids  cannot  be  used  in  a 
nuclear  gyro.  Except  for  solid  He®,  Na®®,  Li*^  and  Li®  all  the  solids  had 
drifts  of  10  deg/hr  or  more.  The  alkali  metals  Na®®,  Li'^  and  Li^  had  drifts 
due  to  magnetization  noise  between  .  07  deg/hr  to  1  deg/hr. 

The  calculations  involving  solid  He®  are  based  on  recent  measurements 
published  in  the  Physical  Review  of  January,  1963. 


4. 2.  PERFORMANCE  OF  POSITION  GYRO 


The  signal-to-nolse  ratio  was  obtained  from  equation  (7)  of  Section  2, 
and  the  drift  rate  from  equation  (8).  The  following  values  of  parameters 
were  used  in  the  ch.lculations: 


Hp  (magnetizing  field) 
Hg  (sensing  field) 

Vq  (sample  volume) 

t  (signal  drift  interval) 
b  (noise  figure) 

The  critical  averaging  time  tc 


=  1000  gauss. 

=  100  gauss. 

=  1  cc. 

=  0, 1  T2 

=  2 

1  f'^1  \ 

as  taken  to  be  ~  I - 1 

^2  S 


and  the  bandwidth 


was  V, 


The  results  of  the  computation  are  shown  in  Table  2  and  Figures  3  and 
4.  It  is  seen  at  first  that  the  signal-to -noise  ratios  in  this  scheme  are  very 
low  compared  to  the  rate  gyros  for  every  solid  except  He®.  This  is  due  to 
the  low  sensing  field  and  long  bandwidth  we  are  forced  to  use  in  this  scheme. 


Drift  due  to  magnetization  in  this  scheme  shows  a  similar  pattern  to  that 
observed  in  the  rate  gyro  systems.  See  Figure  4.  Except  for  solid  He®,  the 
alkali  metals  again  show  the  smallest  drift  due  to  magnetization  noise.  How¬ 
ever,  the  drift  due  to  instrumentation  noise  is  high,  varying  from  .  03  deg/hr 
for  He®  to  much  higher  values.  This  is  due  to  the  low  signal -to -noise  ratios 
obtained  here. 
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4.  3.  PERFORMANCE  OF  GYROS  USING  LIQUIDS 


For  comparison  purposes  the  performances  of  the  rate  gyros  and  the 
position  gyro  were  calculated  for  three  different  liquid  solutions.  These 
were  liquid  He^,  methane  doped  with  BDPA  (bisdiphenylene  phenyl  allyl),  and 
hexane  doped  with  BDPA.  The  parameter  values  for  this  computation  were 
the  same  used  for  the  solids. 

The  results  are  shown  in  Figures  1,  2,  3  and  4  as  the  points  19,  20,  21, 
It  is  clear  that  in  every  case  the  liquids  give  better  performance  than  the 
solids  for  both  the  rate  gyro  and  the  position  gyro.  This  is  true  whether  we 
are  operating  at  room  temperature  (as  with  hexane)  or  at  cryogenic  temper¬ 
atures.  Drifts  for  the  liquid  samples  were  about  0. 00001  deg/hr  for  the  rate 
gyros  to  better  than  10“6  deg/hr  for  the  position  gyro.  S/N  was  10^  or  better 
(without  enhancement)  for  the  rate  gyros  and  1000  or  better  (without  enhance¬ 
ment)  for  the  position  gyro.  An  enhancement  of  100  x  is  expected  with  doped 
methane  or  hexane. 

4.  4.  REMARKS  REGARDING  THE  ANALYSIS 


The  signal-to-noise  ratio  and  drift  rate  computed  here  represents  ap¬ 
proximately  the  optimum  values  for  each  solid.  Since  S/N  and  drift  are 
functions  of  temperature  T  and  T1/T2  and  since  T2  is  a  function  of  tempera¬ 
ture,  a  variation  of  operating  temperature  may  not  improve  the  performance 
of  the  gyro.  It  is  true  that  increasing  the  magnetic  field  H  will  improve  our 
performance;  however,  an  increase  of  more  than  5  times  for  the  rate  schemes 
would  be  unrealistic  and  this  would  improve  the  gyro  by  about  one  order  of 
magnitude.  Increasing  the  magnitude  of  the  magnetic  fields  in  the  position 
gyro  system  is  limited  due  to  the  rapid  changes  of  the  field  that  are  neces¬ 
sary.  The  values  of  Hp  and  Hg  assumed  here  are  realistic  and  could  be  con¬ 
structed  without  undue  aifficulty. 

The  best  signal-to-noise  ratios  are  obtained  when  Ti  and  T2  are  equal 
or  approximately  equal.  Very  low  drift  rates  are  obtainea  for  this  same  con¬ 
dition  and  also  when  T2  is  large,  i.  e.  when  T2  is  greater  than  1  sec.  These 
conditions  are,  of  course,  satisfied  by  liquids  where  Tj  and  T2  are  equal  and 
T2  is  1  sec  or  greater  (550  sec  for  liquid  Hg^).  For  solids,  only  Hg^  satisfied 
these  conditions  and  therefore  we  obtain  the  excellent  gyro  performance.  The 
alkali  metals  have  T2  approximately  equal  to  Tj,  however,  they  depart  from 
liquid  type  performance  by  having  low  spin-spin  relaxation  times  (T2).  The 
other  solids  have  an  extremely  low  T2  and  a  high  Tj/T2.  For  example, 

Si^^,  which  shows  the  poorest  performance,  has  T1/T2  greater  than  10^  and 
a  T2  of  0. 01  msec. 
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TABLE  n 
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RATE  GYROS 

SIGNAL-TO-NOISE  RATIO  AND  DRIFT 


Material 

n 

Tj/Tj 

S/N 

fm 

Dg(N) 

deg/hr 

dm(n) 

deg/hr 

Dm(M) 

deg/hr 

1 

H'’ 

e 

1 

• 

5x10 

2x10"® 

2x10"'^ 

l.xlO"' 

2 

a 

1.2 

1x10® 

.2 

29 

.2 

3 

L.’ 

1 

1.6 

3. 5x10^ 

.1 

26 

1.3 

4 

1 

1.7 

1. 5x10® 

.6 

60 

.07 

5 

1.7 

3. 5x10® 

.6 

1700 

7 

6 

2.5 

10® 

570 

4x10® 

10 

7  7 

3.3 

2x10® 

2x10® 

2600 

13 

8 

10 

10® 

1.7 

340 

10 

9 

Cl” 

28 

10 

6x10® 

2x10® 

5x10® 

10 

^l’ 

28 

3.  5x10® 

11.4 

210 

4x10^ 

11 

p” 

1250 

35 

190 

6x10® 

.1 

12 

2000 

1.6x10® 

190 

10^ 

2x10® 

13 

10® 

2x10^ 

3x10® 

4x10® 

5x10^ 

14 

2. 5x10® 

2x10^ 

6x10^^ 

2x10^ 

2x10® 

15 

2. 5x10® 

1x10® 

2xlo’^ 

210 

5x10^ 

16 

6x10® 

10 

2x10^® 

10® 

10® 

17 

g” 

a 

OxlO*^ 

2.  5x10® 

6x10® 

4x10® 

10® 

18 

7x10^ 

1 

6x10^® 

2x10® 

3x10® 

19 

e 

1 

3.5x10® 

5.7x10"'^ 

1. 8x10"® 

4x10"® 

20 

1 

3.5x10^ 

1.6x10"® 

10”® 

4x10"® 

21 

h' 

1 

2x10® 

4x10”® 

5x10  ^ 

10‘rf 
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TABLE  n 
RATE  GYROS 

SIGNAL- TO-NOISE  RATIO  AND  DRIFT  (Continued) 

Dg{N)  =  Drift  due  to  instrument  noise  in  GPI  system 

Dj^(N)  =  Drift  due  to  instrument  noise  in  Motorola  system 

D.,(M)  =  Drift  due  to  Magnetization  noise  in  Motorola  system 
M 


TABLE  m 
POSITION  GYRO 

SIGNAL- TO-NOISE  RATIO  AND  DRIFT 


Material 

He’ 

T1/T2 

S/N 

D^(N) 

deg/hr 

D..(M) 

P  / 

deg/hr 

1 

1 

5x10® 

.03 

lO'*^ 

2 

Ha” 

1:2 

.5 

10« 

.07 

3 

1.6 

2 

10^ 

4x10"^ 

4 

^i 

1.7 

3 

CO 

0 

5xl0’® 

5 

1.7 

.  5 

- 

.1 

6 

Ai2^ 

2.5 

.1 

- 

20 

7 

3.3 

.4 

- 

.5 

8 

L® 

10 

.3 

- 

.03 

9 

Ce^S 

28 

0 

- 

19 

10 

L.^ 

1 

28 

.2 

- 

2.3 

11 

1250 

2 

10^ 

.1 

12 

Al^'' 

2000 

.  1 

- 

100 

13 

10® 

2500 

10 

1 

14 

•-* 

CO 

2. 5x10® 

.2 

- 

210 

14 
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TABLE  m 
POSITION  GYRO 

SIGNAL- TO- NOISE  RATIO  AND  DRIFT  (Continued) 


Material 

Tf/Tg 

S/N 

D.:(N) 

P  ' 
deg/hr 

D  (M) 

P  ' 
deg/hr 

15 

h1 

2. 5x10® 

27 

60 

3 

16 

h' 

6x10® 

8 

CO 

o 

930 

17 

5xlo'^ 

.3 

- 

70 

18 

7x10® 

110 

10^ 

300 

19 

e 

1 

10*^ 

lO"*^ 

5x10"® 

20 

1 

420 

.1 

10-® 

21 

1 

2500 

.04 

3x10"'^ 

D  (N)  =  Drift  due  to  instrument  noise  in  position  gyro 

P 

D  (M)  =  Drift  due  to  magnetization  noise  in  position  gyro* 
P 
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5.  DISCUSSION;  APPLICABILITY  OF  SOLIDS  TO  THE  NUCLEAR  GYRO 

Recent  advances  in  the  theory  of  the  solid  state  have  lead  to  the  dis¬ 
covery  of  many  useful  properties  and  the  development  of  such  devices  as 
transistors,  and  masers.  In  nuclear  magnetic  resonance  of  materials  in  the 
solid  state  many  properties  are  very  different  from  those  of  liquids  or 
gases.  In  general  these  differences  give  poorer  signal  strengths  and  result 
in  substantial  deviations  from  the  predictions  of  the  theory  of  NMR  as  ex¬ 
pressed  in  the  classical  equations  of  Bloch.  Most  notable  are  the  extreme 
values  of  relaxation  times,  with  the  longitudinal  time  constant,  Ti,  very 
long  and  the  transverse  constant,  T2,  very  short,  with  large  variations 
under  changes  in  the  D.  C.  magnetic  field  and  the  radio  frequency  field 
strength  (Ref.  20). 

5.1.  RELAXATION  TIMES  OF  SOLIDS 

Nuclei  in  the  solid  state  show  very  different  behavior  in  nuclear  mag¬ 
netic  resonance  from  the  same  nuclei  in  the  liquid  or  gaseous  state.  Typi¬ 
cal  solids  have  the  nuclei  in  fixed  positions  in  the  lattice,  with  movements 
restricted  to  vibrations  about  those  positions.  The  result  is  a  very  weak 
coupling  to  the  lattice  because  of  the  absence  of  collisions  but  a  very  strong 
coupling  between  the  nuclei  which  are  exposed  to  each  other's  field  without 
break.  Hence  the  typical  solid  has  Ti  >?  T2.  The  very  long  persistance 
of  magnetization,  expressed  as  large  Ti,  looks  at  first  sight  very  attractive 
for  the  nuclear  gyro.  But  analysis  of  the  instrumentation  errors  show  that  a 

large  is  needed  to  enable  readout  of  the  gyro  signal  over  the  noise  of 
Tl 

both  the  instrumentation  and  the  nuclear  magnetic  backgrounds.  In  some 
cases  a  large  T2  is  important  as  iitejll.  These  properties  are  given  to 
liquids  by  the  Brownian  movements  with  collisions  occurring  at  intervals 
short  compared  to  the  Larmor  period. 

The  theory  of  this  relaxation  process  was  worked  out  by  Bloembergen, 
Purcell  &  Pound  (Ref.  4),  who  were  able  to  experimentally  demonstrate  its 
validity  for  many  materials.  Their  work  shows  that  these  properties  are 
fundamental  to  materials.  The  most  interesting  result  is  the  predicted 
equality  of  T^  and  T2  for  low  viscosity  liquids,  where  the  values  of  and 

Tl 

-i-  are  proportional  to  where  n  is  viscosity  and  T  the  absolute  tem- 

n 

perature.  For  ~  above  a  critical  value,  Tj  increases  with  increasing 


while  T2  continues  to  decrease.  It  is  shown  that  the  curves  for  Ti  and  T2 
diverge  at  about  the  value  of  T„,  the  correlation  time  for  collision  equal  to 
the  Larmor  period.  Solids  and  viscous  liquids  fall  in  the  region  where  T^, 
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>>  ^  Larmor  and  can  be  expected  to  have  >■>  T2,  according  to  the  ac¬ 
cepted  theory. 

The  diffusible  solids,  Na,  etc. ,  do  not  fall  in  the  above  pattern  since 
diffusion  was  not  considered  in  the  theory  of  B  PP.  It  is  considered  by  HC 
Torrey  (Ref.  21).  Bub  these  materials  are  all  only  semi-solid,  being  very 
soft  in  the  diffusible  temperature  range.  Beyond  this  range  they  behave  much 
like  true  solids  both  physically  and  in  N.  M.R. ,  and  the  diffusible  working 
range  of  temperatures  is  limited.  Of  these  materials  only  has  workable 
time  constants  at  the  temperatures  of  superconductivity. 

5.2.  GOAL  PERFORMANCE  VS.  SOLIDS 

The  task  of  getting  useful  gyro  performance  in  a  nuclear  magnetic 
resonance  gyro  is  not  easy,  and  may  on  practical  grounds  be  too  demanding 
of  precision  beyond  the  present  state  of  electronic  art.  This  demand  for 
precision  is  a  result  of  the  fact  that  normal  resonant  frequencies  are  the 
order  of  10^  to  10®  cycles  as  against  a  goal  performance  of  10"9  cycles. 

Since  the  best  frequency  references  are  barely  approaching  a  part  in  lO^^^ 
and  some  allowance  is  needed  for  instrumentation  efficiency,  even  the  ad¬ 
vanced  state  of  "atomic  clocks"  must  be  bettered. 

The  results  of  our  analyses  show  at  once  that  solids  as  a  class  fall  far 
short  of  the  goal  performance,  especially  if  typical  solids  are  used.  There 
is  however,  a  class  of  materials  which  is  usually  considered  solids  that 
shows  much  better  performance  prospects.  These  are  the  elements  Sodium, 
Lithium  6  and  Lithium  7,  Phosphorus  (white)  and  Helium  3.  In  NMR  these 
materials  have  many  of  the  characteristics  of  liquids  rather  than  solids. 

This  peculiarity  is  explained  by  the  rapid  self  diffusion  of  the  nuclei  in  the 
material  for  a  considerable  range  of  temperatures  below  the  melting  point 
(Ref.  22).  But  in  no  case  is  there  any  improvement  in  expected  performance 
because  of  the  solid  state.  There  are  liqjuids  which  promise  better  perform¬ 
ance  in  each  instance,  in  the  case  of  Hg®  where  the  solid  theoretically  ap¬ 
proaches  the  stated  goal,  an  order  of  magnitude  improvement  is  offered  by 
the  liquid.  To  solidify  He^  requires  pressures  in  the  range  of  15  to  100  bars 
needing  a  special  compression  cylinder  of  the  Bridgeman  type.  This  added 
complexity  reduces  the  possible  gyro  performance. 

As  shown  in  the  preceding  section  of  this  report  the  predicted  limits  of 
accuracy  have  revealed  no  solid  state  materials  except  Hg^  which  can  give  . 
drift  rates  much  less  than  one  degree  per  hour,  and  this  includes  the  other 
diffusible  solids.  Typical  solids  fall  in  the  range  of  10  to  10°  degrees  per 
hour.  In  the  case  of  He®,  the  performance  is  limited  by  the  magnetic  noise, 
and  enhancement  could  give  a  considerable  improvement.  However,  except 
for  optical  pumping  in  gas  at  1  mm.  pressure,  no  success  with  enhancement 
has  been  reported,  although  considerable  effort  has  been  expended  in  trying 
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the  standard  techniques  (Ref-  23).  Note  that  because  of  its  unfavorable  T^/ 
T2  ratio  and  very  short  T2!,  Si29  is  the  poorest  performer  of  the  entire  list, 
although  it  was  suggested  at  first  because  of  its  very  long  Tj.  Even  the  large 
enhancement  possible  will  leave  it  among  the  poor  performers. 

He^  in  liquid  form  shows  substantially  better  performance  possibilities 
than  the  solid.  Since  a  special  high  pressure  container  is  needed  to  solidify 
the  He’’  (Ref.  6)  this  would  be  a  complication  which  produces  a  loss  in  per¬ 
formance.  Protons  in  liquid  hexane  at  300“  K  or  methane  at  90“  K  show  per¬ 
formance  at  goal  levels  (using  enhancement  techniques)  all  better  than  any 
solid  now  known,  except  He^. 

5.  3.  ENHANCEMENT  POSSIBILITIES  FOR  INCREASED  ACCURACY 


5. 3. 1.  Microwave  Pumping  in  Solids 


Enhancement  is  a  very  effective  way  of  increasing  the  gyro  accuracy 
capabilities.  In  fact  it  gives  improvement  in  all  the  predicted  performance 
factors  proportional  to  the  enhancement  ratio.  In  microwave  pumping  this 
gain  is  theoretically  limited  only  by  the  ratio  of  gyromagnetic  ratios  of 
electrons  to  the  nuclei,  and  this  number  ranges  from  600  to  6000.  But 
achieved  values  fall  far  short  of  these  large  numbers.  In  our  estimates  on 
the  list  of  materials  only  experimentally  achieved  factors  are  used,  and  these 
run  from  10  to  100,  But  pumping  cost  is  considerably  complex,  since  we 
must  pump  at  microwave  frequencies.  We  note  that  conventional  equipment 
for  solid  state  enhancement  requires  tons  of  equipment.  Optical  pumping  can 
be  much  simpler.  A  detailed  discussion  by  Prof.  Jeffries  of  dynamic  nuclear 
polarization  by  microwave  pumping  in  solids  is  presented  in  Appendix  B. 

Gaseous  systems  have  been  successfully  pumped  by  optical  methods.  Hg 
vapor  results  are  well  known  (Ref,  24)  and  recently  He3  at  1  mm.  pressure 
showed  very  large  polarization  by  simple  pumping  from  a  special  lamp,  as 
reported  by  Shearer,  Colgrave  &  Walters  (Ref.  25).  Since  the  density  at  this 
pressure  is  about  10"6  that  of  the  liquid,  signal  intensity  comparable  to  liquid 
at  Ho  of  1000  gauss  is  obtained,  but  satisfactory  signals  can  be  observed  at 
very  low  Ho  values,  giving  lower  observed  frequency,  a  possible  practical 
advantage. 

This  failure  to  get  optical  performance  at  higher  concentrations  is  char¬ 
acteristic  of  photoluminenscence  as  well  as  this  enhancement  problem.  Too 
frequent  '  collisions  result  in  shorter  lifetimes  of  the  energy  states  and  con¬ 
version  of  the  energy  to  other  forms,  whic^i  quenches  luminescence  and  may 
disturb  the  special  sequence  of  transitions  needed  for  effective  enhancement 
(Ref.  26). 
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5.3.2.  Optical  Pumping  in  Solids 


Optical  pumping  might  be  a  possible  solution  to  the  problem  of  adequate 
performance  of  solids.  The  gains  made  in  gases  look  very  attractive.  But 
these  gaseous  systems  have  been  made  to  work  only  at  low  pressure  in  the 
range  of  one  millibar.  The  art  of  solid  state  masers  and  lasers  involves 
pumping,  often  in  the  optical  range,  but  this  art  is  not  applicable  in  its  usual 
maser  form  when  the  goal  is  the  pumping  of  unpaired  electrons  to  produce 
microwave  or  light  radiation,  and  such  materials  are  paramagnetic,  which 
seriously  disturbs  the  nuclear  processing.  One  must  find  a  situation  where 
the  population  in  one  ievel  will  build  up  either  through  selective  pumping  to  a 
specific  hyperfine  level  or  a  material  in  which  the  natural  selection  rules  for 
spontaneous  emission  favor  the  desired  population  buildup,  and  this  in  a  dia- 
magnetic  medium. 

Added  to  the  above  conditions  is  the  need  for  a  suitable  nuclear  reso¬ 
nance  performance.  One  must  not  increase  the  magnetic  perturbations  in¬ 
side  the  crystal,  hence  one  must  avoid  paramagnetic  materials  where  huge 
fields  are  reported.  But  this  is  the  type  of  material  which  makes  the  best 
fluorescent  crystals  which  are  used  for  masers  and  lasers  and  about  which 
most  information  is  available.  There  are  atoms  among  the  heavier  elements, 
usually  called  transition  elements,  in  which  the  inner  shells  of  electrons  are 
not  filled.  Electron  transitions  among  these  unfilled  orbits  give  lines,  both 
emission  and  absorption  nearly  as  sharp  as  gas  spectra.  But  these  configu¬ 
rations  are  all  paramagnetic  (Ref.  27),  because  of  the  unpaired  electrons. 
Hence  in  general  they  are  not  suitable  for  nuclear  gyro  use,  and  thus  the 
best  of  the  fluorescent  materials  are  not  likely  ^candidates  for  use  in  a  nuclear 
gyro. 


An  ideal  material  might  be  found  as  a  doped  crystal,  with  the  dopants  as 
the  nuclear  resonant  nuclei.  The  matrix  should  be  neutral  magnetically.  The 
only  metallic  element  which  satisfies  these  requirements  is  calcium.  There 
is  an  isotope  Ca^®  which  has  a  nuclear  moment,  but  it  is  only  0. 15%  concen¬ 
tration  and  might  even  serve  as  one  of  the  dopants.  Another  dopant  should 
be  found  to  satisfy  the  need  for  a  double  nuclear  system  (such  as  the  GPL 
system),  but  no  clues  have  been  uncovered  as  to  which  might  be  suitable.  It 
must  have  a  gyro  magnetic  ratio  very  different  from  Ca^®,  if  this  is  used 
and  yet  show  sharp  enough  lines  to  build  the  needed  enhancement.  No  obvious 
candidate  has  been  found.  Scandium  was  considered  as  dopant  because  its 
compounds  are  diamagnetic  but  in  this  state  it  lacks  the  3  d  electron  in  its 
only  ionic  state.  All  the  well  known  doping  materials  which  give  line  spectra 
rather  than  band  spectra  involve  the  groups  of  transition  elements.  There 
are  3  such  groups,  the  iron  group,  from  Titanium,  atomic  number  22  to 
Nickel,  number  28,  in  which  the  3d  orbit  is  unfilled;  the  Yttrium,  No.  39 
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to  Rhenium  No.  45,  with  the  4  d  shell  unfilled;  the  rare  earths  Cerium,  58, 
to  Ytterbium  70,  with  4  f  unfilled  and  the  actinides,  Actinium,  89,  to 
Uranium  92,  with  6  d  orbits  unfilled. 

These  elements  or  their  ions  are  the  active  elements  in  most  fluores¬ 
cent  crystals,  and  seem  to  be  the  only  ones  giving  line  spectra.  This  gas¬ 
like  behavior  is  attributed  to  the  fact  that  the  outer  shells  of  valence  elec¬ 
trons  screen  these  inner  orbits  from  the  influence  of  neighboring  atoms. 

The  frequencies  of  these  inner  shells  are  in  the  visible  or  adjacent  ultra 
violet  regions  of  the  spectra  and  so  are  practical  to  use;  however,  these 
transitions  tend  to  be  weak  since  they  involve  no  change  in  the  orbital  angu¬ 
lar  momentum  quantum  number,  i  ,  which  is  a  forbidden  transition  in 
gasses,  (Ref.  28)  but  only  weak  in  solids  where  the  degeneracy  is  removed 
by  the  crystal  electric  fields. 

Another  problem  is  the  need  to  have  a  good  source  of  light  at  the  re¬ 
quired  frequency.  In  microwave  pumping  the  oscillator  can  bef^Jj^Sedi  to  the 
required  frequency.  But  in  optical  pumping  a  natural  source  must  be  found 
at  the  needed  frequency  strong  enough  to  give  reasonable  saturation  to  the 
desired  transition.  The  dopant  must  be  used  at  rather  low  conjl^entration, 
or  the  N.  M.  R.  line  widths  will  be  considerably  broadened.  Also  since 
many  fluorescent  crystals  lose  their  fluorescence.at  higher  concentration 
it  can  be  expected  that  high  concentrations  will  interfere  with  the  optical  i 
pumping,  apparently  by  shortening  the  lifetime  of  certain  energy  levels.  In 
some  cases  of  phosphors,  the  optimum  concentration  is  the  order  of  0,01%, 
with  higher  concentrations  quenching  the  luminescence,  especially  where 
the  iron  group  is  used  (Ref.  29).  Dilution  reduces  the  available  signal 
strength,  and  so  tJie  gains  of  pumping  must  be  large  to  overcome  the  dilu¬ 
tion  losses.  (See  Appendix  C  for  Prof.  Jeffries  discussion  of  dilution 
effects. ) 

However,  the  number  of  possible  materials  is  so  large  that  the  chance 
of  exceptions  to  the  above  r|il.es  is  good.  A  detailed  study  of  the  problems 
over  the  next  few  years,  with  the  volume  of  new  work  being  published 
might  turn  up  a  working  combination  for  substantial  optical  enhancement 
of  solid  state  nuclear  magnetic  resonance,  which  could  make  a  useful 
nuclear  gyro  of  some  less  exotic  material  than  He3. 
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6.  A  PULSED  COIL  POSITION  GYRO 
6.1.  GENERAL 


Experimental  and  analytical  work  on  the  behavior  of  nuclei  subject  to 
pulsed  magnetic  fields  indicate  that  an  angular  readout  system  leading  to  a 
two  degree  of  freedom  angular  position  gyro  can  be  predicated  upon  this  be¬ 
havior. 

Major  engineering  tasks  remain  to  be  accomplished  before  thftiyiiii|gft 
can  be  fully  defined.  These  arise  largely  from  signal/noise  or  threshold 
conditions;  reduction  of  stray  external  magnetic  fields  to  an  extremely  low 
level  is  necessary;  substantial  increases  in  the  number  of  active  nuclei  are 
desiji?rtile;  internal  noise  in  electronic  amplifiers  must  be  minimized.  Ap¬ 
proaches  to  each  of  these  are  available  =-  superconducting  shields,  use  of 
microwave  polarization  techniques,  amplifier  band  width  reduction  respec¬ 
tively.  The  stray  field  problem  appears  to  be  the  most  serious. 

Sufficient  experimental  confirmation  exists  to  allow  forecasting  gyro 
performance  frqm  the  theory  that  has  been  developed.  K  sufficient  relief 
from  stray  fields  can  be  achieved  it  is  predicted  that  doped  methane  at  90°K 
would  exhibit  a  drift  rate  of  less  than  .001  earth  rate  in  reasonable  instru¬ 
mentation  based  on  10  second  averaging. 

It  is  the  purpose  of  this  section  to  describe  the  proposed  system,  pre¬ 
sent  the  theory  of  its  behavior  and  calculations  of  potential  performance,  and 
to  outline  a  program  directed  toward  ultimate  demonstration  of  feasibility. 

6. 1. 1.  Background 

The  proposed  configuration  appears  to  represent  a  novel  concept  in  the 
instrumentation  of  a  nuclear  gyro.  All  previous  attempts  have  centered  on 
the  idea  of  sensing  directly  angular  rates  of  change,  thereby  leading  to  a  pure 
rate  gyro.  The  Arma  nuclear  gyro,  however,  uses  the  aligned  nuclei  of 
the  sample  to  establish  a  position  reference  in  space. 

While  investigating  the  Bloch  instrumentation  system,  our  attention 
was  turned  to  the  concept  of  using  pulsed  magnetic  fields,  allowing  the 
polarized  nuclei  to  remain  in  a  field-free  environment  for  a  given  period  of 
time  and  then  detecting  orientation.  Initial  studies  indicated  that  such  a 
scheme  might  well  be  feasible,  and  subsequent  experiments  have  tended  to 
confirna  this. 

Laboratory  tests  have  indicated  that  the  signal  output  varies  in  a  man¬ 
ner  which  may  be  predicted  by  basic  theory.  Tests  with  materials  indicate 
that  the  characteristics  of  liquids  are  more  suitable  for  this  than  those  of 
solids,  primarily  from  a  superior  signal  strength  consideration. 
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6. 2.  DESCRIPTION  OF  GYROSCOPE 


6.2.1. 


Physical  Descriptio 


n 


Three  coils ,  a  material  sample,  and  associated  electronic  circuitry 
form  the  heart  of  the  system.  See  Figure  5.  Polarization  of  the  nuclei  is 
accomplished  by  two  pancake  coils  with  a  total  of  800  turns  which  provide  a 
field  of  350  gauss  when  excited  with  a  current  of  30  amperes.  At  right 
angles  to  this  is  the  sensing  coil  which  consists  of  40  turns  wound  on  a  3  inch 
solenoiii  over  a  12  inch  length.  The  sensing  field  of  8  gauss  when  applied 
rapidly  with  a  current  of  6  amperes,  is  used  to  excite  the  Larmor  frequency 
of  the  material  sample.  The  sample  itself  is  contained  in  a  bottle  1”  in 
diameter  by  1-1/2"  in  length.  Wound  around  the  bottle,  oriented  in  a  di¬ 
rection  perpendicular  to  both  the  polarizing  and  sensing  fields,  is  the  pick¬ 
up  coil  which  has  about  600  turns  and  supplies  the  signal  output  to  the  system. 


Associated  with  the  above  coils  are  the  required  switching  and  ampli¬ 
fier  circuits.  Switching  of  the  field  coils  is  accomplished  by  a  hybrid  of 
solid  state  circuits  and  relays  at  the  present  time  (see  Figures  8,  9),  al¬ 
though  it  is  anticipated  that  all  solid  state  switching  would  be  used  in  any 
practical  gyro.  Amplifiers  and  filtering  circuits  are  used  to  build  up  the 
output  from  the  pickup  coil  and  to  improve  the  signal-to-noise  ratio.  Neces¬ 
sary  to  complete  the  gyro  circuits  is  a  phase  discriminator  which  will  sense 
the  relative  polarity  of  the  Larmor  frequency  signal  and  hence  indicate  di¬ 
rection  of  rotation.  See  Figure  10. 


A  pair  of  large  Helmholtz  coils  are  used  to  cancel  out  the  Earth’s 
magnetic  field.  Due  to  local  variations,  the  average  residual  field  is  of 
the  order  of  50  gammas.  *  A  much  more  complete  cancellation  will  be  ef¬ 
fected  when  suitable  superconductive  shielding  is  developed. 


6. 2. 2.  System  Explanation 

Operation  of  the  system  is  accomplished  by  the  following  sequence  of 
steps.  See  timing  diagram,  Figure  6,  and  vector  diagrams.  Figure  7. 

(a)  The  currents  to  both  the  polarizing  and  sensing  coils  are  turned 
on  and  held  for  a  period  of  time  somewhat  greafer  than  the  relaxation  time 
T^.  This  creates  magnetization  vector  in  the  material  which  is  aligned  in 
the  direction  of  the  polarizing  field. 


(b)  The  polarizing  field  is  then  reduced  relatively  slowly  and  the 
polarized  nuclei  swing  around  to  line  up  with  the  direction  of  the  sensing 
field. 


*  5  X  10 


gauss 
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(c)  After  the  polarizing  field  has  decayed  completely,  the  sensing 
field  is  cut  off  very  rapidly  so  as  not  to  disturb  the  orientation  of  the  align¬ 
ed  nuclei. 

(d)  A  drift  or  Waitingperiod  short  compared  to  the  relaxation  times 
and  Tg  is  allowed.  During  this  period  the  aligned  nuclei  are  in  a  nomi¬ 
nal  field-free  environment  and  therefore  serve  as  a  space  reference  against 
any  vehicle  rotation,  K  any  residual  magnetic  field  is  present,  the  nuclei 
will  process  at  a  rate  proportional  to  the  magnitude  of  the  field  thereby 
causing  an  angular  error.  A  very  high  degree  of  magnetic  shielding  is  there¬ 
fore  required. 

(e)  At  the  end  of  the  drift  time,  the  sensing  field  is  applied  non- 
adiabatically  with  a  rise  time  of  the  order  of  a  few  microseconds.  If  any 
vehicle  rotation  has  occurred,  an  exponentially  decaying  Larmor  free  pre¬ 
cession  signal  will  be  induced  in  the  pickup  coil.  The  amplitude  of  the  sig¬ 
nal  is  theoretically  proportional  to  the  sine  of  the  angle  of  rotation,  while 
the  time  constant  of  the  decaying  oscillation  is  the  transverse  relaxation 
time  Tg  of  the  material.  The  Larmor  frequency  corresponds  to  the  ampli¬ 
tude  of  the  sensing  field.  At  the  present  time  the  Larmor  precession  fre¬ 
quency  is  about  35,000  c.p.s. 

(f)  After  the  precession  signal  is  read  out  to  the  system,  the  po¬ 
larizing  current  is  applied  again,  the  magnetization  vector  reestablished 
and  the  above  steps  repeated. 

All  of  the  sequencing  described  above  is  performed  automatically 
after  the  first  step  is  initiated  by  a  push  button.  In  an  actual  system  cyclic 
repetition  would  be  accomplished  by  suitable  programming.  The  useful 
output  is  the  Larmor  free  precession  signal  appearing  in  the  pickup  coil 
during  each  cycle.  This  information  would  be  fed  into  the  vehicle  naviga¬ 
tion  system  and  utilized  according  to  some  predetermined  mathematical 
control  function. 

6. 3.  THEORY  OF  THE  PULSED  COIL  NUCLEAR  GYRO 


Readout  of  gyro  information  from  nuclei  thru  their  resonance  condi¬ 
tion  can  be  achieved  thru  rotational  doppler  or  by  reading  an  accumulated 
angle  after  some  period  of  observation.  The  latter  type,  which  we  will  call 
a  position  gyro  readout  is  the  type  of  interest  to  us. 

In  its  most  elementary  form  the  position  gyro  is  sequenced  as  follows: 

(a)  Polarization,  to  build  a  useful  population  of  nuclei  parallel  (or 
anti -parallel)  to  the  field. 
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(b)  Alignment  -  to  precisely  cage  the  nuclei  to  the  reference  direction. 

(c)  Drift  “  to  allow  the  nuclei  to  hold  the  direction  as  an  inertial  ref¬ 
erence  while  the  vehicle  turns. 


(d)  Sensing  to  measure  the  angle  accumulated  during  the  drift,  or  ob¬ 
servation  period. 

For  efficient  operation  two  samples  will  allow  complete  coverage  of 
drift  in  two  axes  provided  the  time  is  divided  equally  between  step  c  and 
steps  a,  b  and  d. 


In  the  pulse  system,  there  are  3  coils,  mutually  perpendicular.  The 

polarizing  coil  A  is  split  in  two  parts  and  set 
up  decoupled  from  the  sensing  coil  B,  which  is 
of  solenoid  form  to  give  a  uniform  field  at  the 
sample.  The  coil  C  is  wound  around  the  sam¬ 
ple  for  readout,  and  we  will  call  it  the  pickup 
coil. 


The  high  polarizing  field  needs  a  coil  of  many  turns  to  develop  fields 
of  several  hundred  gauss,  A  pulsed  RF  coil  colinear  with  the  coil  C  will 
introduce  RF  pumping  to  the  polarizing  cycle  for  enhancement.  During  the 
polarizing  interval  the  coil  B  is  put  on  and  left  on  for  a  few  milliseconds 
after  the  polarizing  current  is  reduced  to  zero.  This  cut  off  of  polarizing 
current  must  be  at  an  adiabatic  rate  to  give  a  smooth  approach  to  alignment 
to  the  sensing  coil  axis  and  not  excite  Larmor  precession.  Since  the  field 
of  coil  B  is  in  the  range  of  10“ 20  gauss  a  .  1  millisecond  cut  off  rate  is  slow 
enough  to  satisfy  the  Larmor  period.  This  swing  around  from  coil  A  to  coil 
B  is  not  essential  to  the  nuclear  process,  but  solves  a  problem  of  avoiding 
a  slow  down  of  the  cut  off  speed  due  to  -coupling  with  the  large  polarizing 
coil  A,  whose  natural  frequency  is  too  long  to  allow  the  desired  transient 
times. 

The  current  in  coil  B  is  then  cut  off  very  rapidly,  In  one  microsecond 
time,  at  least  for  the  last  part  of  the  cut  off  curve.  Now  the  nuclei  find 
themselves  aligned  to  the  reference  direction  which  is  the  axis  of  the  sens¬ 
ing  coil  B,  and  exposed  to  a  "zero”  field.  In  the  ideal  case  they  would  stay 
pointed  in  inertial  space  in  the  direction  defined  by  the  sensing  coil  at  the 
instant  of  its  cut  off.  Then  the  angle  between  this  reference  direction  and 
the  sensing  coil  axis  would  be  measured. 


24 


RTD-TDR-63-4001 


In  practice  the  nuclei  will  precess  in  the  residual  field  at  their  Larmor 
rates.  Since  there  are  variations  in  the  mean  value  of  the  local  field  inside 
the  sample  lattice,  each  nucleus  will  precess  at  its  own  rate  determined  by 
the  sum  of  the  residual  and  tlie  local  field  at  its  position.  The  statistics  of 
the  local  field  variation  are  nicely  shown  in  the  NMR  line  shape  Junction  and 
more  roughly  in  Tg.  The  nuclei  will  therefore  spread  out  in  angle  as  time 

goes  on.  But  because  the  field  variations  are  almost  completely  random, 
the  large  number  of  nuclei  effectively  average  out  the  local  field  variations. 

If  we  run  the  observation  time  longer  than  Tg,  the  population  will  be  reach¬ 
ing  a  condition  of  more  or  less  uniform  distribution  over  many  radians,  and 
sensitivity  will  be  lost. 

At  the  end  of  the  drift  period,  the  current  in  coil  B  is  turned  on,  with 
a  rise  time  of  about  1  /u  sec.,  to  have  it  definitely  much  shorter  than  the 
Larmor  precession  period  to  make  sure  the  start  of  the  precession  is  pre¬ 
cisely  defined.  Then  for  a  time  the  order  of  Tg  one  can  find  the  initial  posi¬ 
tion  from  the  observed  radiation.  If  we  consider  the  X.axis  along  the  sensing 
coil,  then:TOtatioh  of  the  vehicle  (or  precession  of  the  nuclei)  around  the  Z  or 
Y  axis  will  develop  an  angle  between  the  mean  direction  of  the  nuclei  and  the 
sensing  axis.  The  precession  signal  will  have  an  amplitude  proportional  to 
the  sine  of  the  accumulated  angle  and  the  phase  will  tell  what  portion  of  the 
rotation  is  about  Z  and  what  about  Y. 

To  review  the  sequence  see  drawing  below: 


The  sequence  starts  with  the  Polarizing  field  on  interval  P,  then  to  the 
align  (A)  for  a  few  milliseconds,  then  (D)  for  time  the  order  of  Tg  the  fields 

are  all  off  for  1/2  the  cycle.  At  S  the  sensing  field  current  in  coil  B  is  put 
on  to  read  the  output,  then  the  cycle  repeats. 

The  equations  of  motion  are  the  Bloch  equations  modified  to  apply  to 
the  orientation  system  with  an  initial  magnetization  vector  oriented  at  a 
small  angle  to  the  new  X  axis.  The  equations  then  read: 
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dM 

dt 


r,  ;;  A  Mo  -  Mx 
M  X  H  +A  - fa - 


A 

y  - 


H  =  A 

Further  it  is  convenient  to  take  Mj^  ^  allowing  the 

drift  to  be  a  small  angled  around  the  z  axis.  The  resulting  differential 
equation  is  linear  with  constant  coefficients. 


Solutions  are 


«y  “z  Hx  -  V^2 

“z  “y  «x  - 

M  =  M  -  (M„  - 

X  0  0  1  e 

My  =e  M^e'^'^'^2  Cos  H^t 

M  =  e  M.e”^/'^2  Sin  H  t 
z  1  s 


These  equations  say  that  the  magnetization  vector  along  the  x  axis 
shrinks  from  its  initial  value  to  a  final  value  M^  exponentially  with  time 
constant  Tj^ . 


The  y  and  z  components,  which  couple  into  the  jjickup  coil  are  decay¬ 
ing  oscillations  of  frequency  y  H  radians/second  (LaijniOT  frequency  cor- 

s 

responding  to  sensing  field  strength).  They  have  an  exponential  envelope 
dependent  on  Tg,  and  an  amplitude  ,  proportional  to  the  (small)  drift 

angle  £  and  the  initial  magnetization.  The  voltage  induced  in  the  pickup 
coil  is  proportional  to  this  amplitude. 

6.3.1,  Calculation  of  Sensitivity 

This  section  describes  our  method  of  calculating  sensitivity.  The 
voltage  induced  in  the  pickup  coil  depends  upon  the  rate  of  change  of  flux 
linkages  with  the  coil,  and  this  is  calculated  for  a  "unit  angle"  condition  at 
the  time  the  sensing  coil  is  turned  on,  thus  giving  the  "voltage/radian  of 
drift  angle  during  drift  time"  scale  factor  of  the  signal. 
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The  noise  voltage  considered  in  this  section  is  instrumental  noise 
voltage  arising  from  the  coil  resistance  and  the  noise  figure  of  the  following 
amplifiers.  Various  materials  and  operating  conditions  are  examined  to  de¬ 
termine  the  relative  merits  of  cryogenic  operating  conditions  in  an  otherwise 
ideal  gyro. 

6.3.2,  Signal  to  Noise  Ratio 

The  signal  output  of  a  free  precession  gyro  sensor  can  be  calculated  in 
the  following  manner: 

The  magnetization  is  given  by 

I  -  1/2  /A  1  A  n  (9) 

where  ^  is  the  nuclear  magnetic  moment  and  A  n  is  the  excess  of  nuclei 
in  state  +  1/2  over  those  in  state  -  1/2. 

Since  at  temperature  equilibrium  the  population  follows  the  Boltzmann 
distribution  law, 

An  =  N  (10) 


where  N  is  the  total  number  of  nuclei,  h  is  Planck’s  constant,  K  is  Boltz¬ 
mann’s  constant,  T  the  absolute  temperature.  The  Larmor  frequency, 
is  given  by 


V 

-V  _  0  P 
2  IT 


(11) 


where  V 


is  the  gyro- magnetic  ratio  and  H 


P 


is  the  polarizing  field  strength. 


After  the  drift  interval  t,  the  population  will  have  decreased  exponential¬ 
ly  to 


(12) 


At  the  time  of  sensing  our  expected  population  will  be 


A  XT  Y  H  h 

A  n  N  -  >  p 
2?r  kT 


(13) 
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The  induced  flux  due  to  the  magnetization  is  given  by  B  =  3  'JT  I  reduced 
from  4  Jr  I  by  the  shape  factor  of  the  sample.  * 

The  induced  voltage  will  be 

V  =  10"®  F  W  B  A  p  Q  (14) 

where  F  is  an  efficiency  factor, 


w  =  K  H  ,  the  Larmor  frequency  in  the  sensing  field  H  :  A.  isithe  cross 
s  s 

section  area  of  the  sample;  p  the  number  of  turns  on  the  coil  and  Q  the  gain 

due  to  tuning  of  the  coil.  The  factor  F  makes  allowance  for  looseness  of 

coupling  of  the  coil  to  the  sample  and  any  inefficiency  in  alignment  or  in 

exciting  precession  with  the  sensing  field.  The  induced  voltage  is  given  by 


Using  equations  (9)  thru  (14).  This  is  the  voltage  that  would  be  induced  if  the 
displacement  angle  were  90°.  That  is  we  can  write 


«s%lhNApQF 


xlO  ‘'SinO 


4  KT 


The  noise  voltage  is  given  by  the  usual  expression 


V  . 
noise 


-=2b 


(16) 


The  symbols  are 

R  effective  resistance  of  coil 

A'V  bandwidth  of  receiver 

K  Boltzman  constant 

T  absolute  temperature  -  300®K 

b  noise  factor  of  indicating  system 

referred  to  input  terminals 


*  The  number  3  is  an  estimate. 


28 


RTD-TDR-63-4001 


The  calculated  signal  voltage  for  water  as  used  without  enhancement 

with  H  =  300  gauss  and  H  =  8  gauss  is  3  millivolts.  We  actually  observe 
P  ® 

0,25  millivolts  indicating  an  efficiency  factor  of 

F  0.1 

The  noise  figure  of  our  present  pickup  coil  and  amplifier  as  used  wide 
band  is  b  =  2. 4  based  upon  comparison  of  the  calculated  noise  and  observed 
noise.  With  the  amplifier  at  1000  cycle  bandwidth  this  figure  drops  to  b  = 
1.2.  The  numerical  values  of  the  constants  as  employed  are: 

-23 

,  (proton)  =  1.4. 4  X  10  ergs/gauss 

/w  1 

^  j  (sodium)  -  1.03  X  10”^^ 

h  ^6.62xl0‘^’^ 

A 

proton  -  2,67  X  10  rads/sec 

Y  sodium  =7.08X10^ 

N  proton  =  1. 2  X  lO^'^ 

N  sodium  =  2.3  X  10^^ 

A  c  2 

A  =6  cm 

p  =  800  turns 

Q  25 

K  =  1.38  X  10“^®  erg/*K 

For  a  conservative  estimate  of  the  restrictions  to  be  expected  due  to 
noise  in  the  signal,  we  use  the  signal  strengths  we  have  observed  experi¬ 
mentally.  At  the  output  of  the  preamplifier,  the  observed  signal  from  pro¬ 
tons  in  water,  as  above,  was  100  millivolts  peak,  and  the  noise  level  of  the 
amplifier  and  pickup  coil  was  0. 97  millivolts,  giving 

^  (voltage)  =  100 

As  the  above  was  operating  full  bandwidth  of  20, 000  cycle  for  the  am¬ 
plifier  and  the  coil  at  1000  cycles  width,  we  can  reduce  the  noise  Voltage  by 
reducing  AV  of  equation  (8).  Because  of  the  transient  character  of  the  out¬ 
put  signal,  we  must  keep  enough  bandwidth  to  avoid  undue  attenuation,  A 
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figure  of  8  cycles  is  reasonable  giving  an  estimated  reduction  of  the  noise 
voltage  from  .97  to  ,035  millivolts.  We  expect  then  from  protons  an 

~  (voltage)  =  2800. 


If  we  can  use  hexane  instead  of  water  with  the  free  radical  compound 
1,  3  bisdiphenylene  2-phenyl  allyl  (BDPA)  and  microwave  pumping  we  can 
increase  the  population  A  v-  of  equation  (2)  by  a  factor  of  100  as  demonstrated 
by  K,  Ho  Hauser,  Zeit  fur  Naturforschung,  16a,  1114,  1961.  This  figure 
can  be  attained  with  an  estimated  15  watts  of  power  at  room  temperatures 


with  the  doping  fo." 

^  (voltage)  280,000. 


T^  =  'i'rt  "  ^  second.  We  should  then  expect 


This  ratio  would  give  sensitivity  adequate  to  detect  an  angular  shift  of 
3.  5  X  10“®  radian,  or  0.75  seconds,  since  the  limiting  sensitivity  is  sin“l 
N 

This  sensitivity  is  sufficient  to  detect  earth’s  rate  in  an  observation 

interval  of  0.05  second.  Since  the  noise  is  random,  a  10  second  average 
with  0, 1  second  observation  periods  would  give  operation  to  1/20  of  earth’s 
rate.  Extension  of  the  average  to  one  hour  gives  attractive  numbers,  if 
the  operating  situation  permits  this. 

Because  this  class  of  nuclear  gyro  is  possible  only  with  superconduc¬ 
tive  shielding,  use  can  be  made  of  the  low  temperatures  for  additional  gains 
in  sensitivity.  With  the  coil  at  4®K  the  noise  as  expressed  in  equation  (16) 
will  be  reduced  to  1/9  of  its  room  temperature  value. 

If  we  assume  that  a  parametric  amplifier  operating  at  4®K  will  show  a 
similar  gain  over  our  present  preamplifier,  this  gain  should  be  applicable  to 
the  entire  noise  term. 

Doped  Methane  can  be  operated  in  its  liquid  temperature  range,  around 
90®K  and  will  give  us  an  increase  in  useM  nuclei  according  to  equation  (10) 
of  3X,  Also  it  may  be  possible  to  increase  the  polarizing  field  strength  but 
with  the  present  uncertainty  about  trapped  flux  in  the  superconducting  coils, 
we  do  not  count  on  this  factor.  The  expected  cryogenic  noise  figure  is 

I  (voltage)  -  7. 5  X  10®, 

Hence  the  noise  in  the  signal  will  limit  us  to  about  ,03  second  per 
period,  an  error  that  is  random  and  stationary,  and  will  average  down  to 
the  goal  sensitivity  in  a  fraction  of  an  hour. 

The  use  of  sodium,  the  most  suitable  solid  material  for  room  tempera¬ 
ture  operation  in  the  above  calculation  shows  a  signal  strength  reduction  of 
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.01  times  at  constant  field  compared  to  water.  This  reduction  is  the  result 

of  the  lower  LARMOR  frequency,  of  1126  cycles  per  gauss  instead  of  4257  of 

protons  and  to  the  reduction  of  N  of  equation  (lO)  to  0. 19  of  its  value  for  water. 

The  lower  LARMOR  frequency  permits  an  increase  in  the  field  strengths, 

both  H  and  H  ,  of  the  order  of  2X  each,  without  deteriorating  our  non- 
p  s 

adiabatic  conditions. 

This  change  will  raise  our  signal  voltage  enough  to  give  a  predicted 
value  of  ^  ~  4. 

Since  is  only  0.01  secs  and  the  signal  will  have  a  decay  time  Tg,  we 
must  keep  a  bandwidth  of  at  least  30  cycles.  Hence  we  can  gain  only  14X  re- 

g 

duction  in  the  basic  noise,  giving  -  56. 

Microwave  enhancement  is  not  as  effective  with  metals  as  with  doped 
insulators  because  of  the  difficulty  of  achieving  saturation  field  levels. 

Carver  and  Schlicter  (Ref.  30)  were  able  to  get  enhancement  of  lOx,  with  59 
watts  of  input  power. 

Assuming  we  can  do  as  well,  we  will  achieve  a  «  560,  1/500  of  the 
value  for  hexane. 

The  use  of  cryogenics  with  a  sodium  sample  does  not  give  as  much 
help  as  with  protons  in  methane,  since  Tg  gets  very  small  as  we  lower  the 
temperature. 

Hence  we  must  operate  at  300°K  for  the  sample,  losing  the  temperature 
dependence  of  polarization,  gain. 

The  amplifier  and  coil  can  be  operated  as  before  however.  So  we  can 
get  an  estimated  value,  ~  5000,  for  the  best  estimate  of  sodium  perform¬ 

ance,  As  shown  in  the  next  section  this  signal  level  will  not  be  satisfactory 
for  a  useful  gyro, 

6.3.3.  Required  Signal  to  Noise  Ratio 

The  average  drift  rate  due  to  angle  readout  uncertainty  is  given  by 


E  -  e/  A  t 


(17) 
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2 

where  Cf  9  is  the  variance  of  the  measured  angle  and  / .  t  the  time  of  observa¬ 
tion  or  drift.  Since  the  signal  values  calculated  above  are  for  the  maximum 
which  would  be  developed  at  90"  drift  angle, 

0  -  ^/(S/N)  (18) 

£  =  ^/(S/N)  A  t  (19) 

The  noise  is  a  random  quantity,  hence  the  accumulated  value  of  noise  over  k 
drift  periods  will  increase  by  But  the  total  time  will  increase  to  k 

^  t,  or  the  signal  to  noise  ratio  for  drift  rate  £  will  be 


S  1 

N  "  £  A  t 


(20) 


For  £  =  ISVhr. ,  earth's  rate,  S/N  =  1. 4  X  10^,  for  10  second 
averaging,  with  0. 1  second  drift  intervals,  suitable  for  proton  operation 
with  Tg  ~  1  sec. 


In  the  case  of  sodium,  with  T„  ~  0,01  secs,  we  must  keep 

At<  0,01  seconds  and  the  required  S/N  »  4  x  10^  for  earth's  rate  in 
a  10  second  average.  These  numbers  are  summarized  in  Table  IV, 

TABLE  IV 

COMPARISON  OF  S/N  FOR  SODIUM  AND  LIQUIDS 


INITIAL  S/N  RATIO 

LIQUID 

(hexane) 

SOLID 

(sodium) 

on  basis  of  pulsed  coil  instrumentation  as 
of  January  1963  prior  to  possible  improve- 
ment 

100 

1.0 

IMPROVEMENT 

(a)  Increased  field 

XI 

X4 

(b)  Bandwidth  reduction  in  receiver 

X28 

X14 

(c)  Dynamic  polarization  (RF  Pumping) 

XlOO 

XIO 
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TABLE  IV 

COMPARISON  OF  S/N  FOR  SODIUM  AND  LIQUIDS  (Continued) 


LIQUID 

SOUD 

IMPROVEMENT  (Continued) 

(hexane) 

(sodium) 

(d)  Cryogenic 

(Methane) 

.  Preamplifier  and  coil 

X9 

X9 

.  Polarization 

X3 

XI 

TOTAL  S/N  7  X  10®  6  X  10^ 

4i(t 

S/N  Ratio  required  for  earth's  rate .  1.4X10  4.  X  10 

6,3.4,  Magnetization  Noise 


The  previous  section  has  indicated  that  the  signal  to  noise  ratio  due  to 
instrumentation  admits  the  possibility  of  meeting  performance  goals,  for 
example,  if  we  use  doped  methane  at  OO^K  with  microwave  enhancement, 
narrow  bandwidth  amplifiers  and  can  exploit  the  random  independent  nature 
of  the  sampled  noise  in  operating  the  gyro. 


However,  it  has  been  pointed  out  that  the  magnetization  vector  and  its 
orientation  display  random  fluctuations  due  to  the  quantum  origin  of  the 
magnetization  phenomenon.  Since  these  fluctuations  constitute  a  background 
noise  in  which  the  signal  is  imbedded,  it  is  conceibable  that  this  noise  source 
might  limit  performance.  In  this  section  these  effects  are  calculated. 


The  effects  of  the  basic  magnetization  noise  (Ref.  31)  have  been  calcu¬ 
lated  by  Dodd  (Ref,  2).  He  shows  that  the  rate  gyro  is  rather  severly  limited 
by  these  effects,  which  arise  from  the  statistical  fluctuations  of  the  nuclear 
magnetization.  Bloch  indicates  that  the  expected  value  of  magnetic  moment 
in  zero  field  has  a  variance 

I  N/y2  (21) 


where  /i  is  the  magnetic  moment  of  the  nucleus,  N  the  total  population  and  V 
the  volume  of  the  sample,  Dodd  states  that  this  value  applies  also  to  the 


*  ““  based  on  0. 1  sec.  sample  average  over  10  sec. 

*  --  based  on  0.01  sec.  sample  average  over  10  sec. 
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case  when  a  field  is  present  and  demonstrates  in  the  appendix  of  his  paper 
that  this  extension  is  reasonable  for  the  variance  of  the  component  in  line 
with  the  magnetic  field,  which  is  the  only  component  applicable  to  the  rate 
gyro. 

In  the  case  of  the  pulsed  coil  gyro,  it  is  the  transverse  component 
which  adds  to  the  drift  rate  of  the  gyro.  But  the  individual  nuclei  are  all  held 
either  parallel  or  anti-parallel  to  the  field  direction.  Any  deviation  from  this 
condition  would  spread  the  quantum  energy  levels,  which  are  sharply  defined. 
Hence  in  the  aligned  condition  the  transverse  magnetic  field  has  small  con¬ 
tributions  only  from  the  permitted  variations,  small  compared  to  the  in-line 
variations.  These  contributions  will  increase  as  the  nuclei  spread  out  during 
the  field  free  drift  period,  and  if  the  period  is  very  long  compared  to  Tg,  the 

nuclei  will  be  completely  dispersed  in  space  direction  giving  the  full  predicted 
variance  to  the  field  component  perpendicular  to  the  original  alignment  di¬ 
rection. 

Local  fields  (Ref.  32)  are  produced  by  the  nuclear  dipoles  which  add  to 
the  external  field.  These  effects  vary  from  point  to  point-of  the  lattice  to 
give  the  NMR  line  shape  curves.  The  local  field  magnitudes  are  related  to 
the  time  constant  by  the  relation 


where  '  is  the  gyro  magnetic  ratio,  H  the  difference  in  field  between  the 
points  of  maximum  slope  for  the  shape  curve,  Tg  the  spin- spin  relaxation 

time.  The  averages  of  the  local  field  concerned  with  the  line  narrowing  are 

for  periods  comparable  to  =  — - —  (Ref.  33),  For  a  dense  popula- 

R  Y5H 

tion  of  protons  the  local  field  is  the  order  of  one  gauss  and  the  critical  aver¬ 
aging  time. 


where  now  is  the  frequency  of  the  nuclei  in  the  mean.lociaMield,  averaged 
over  timn  t  >  Then,siA9%$)i^j;§preadi,if;Ql  the  nature  of  a  random  walk,  the 
angle  will  fncrease  with  a 
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factor  — —  and  the  spread  angle  0  is  given  by 


2  Nc 


'(?  T, 


We  may  refer  to  the  ratio 


/T,  as  the  alignment  factor.  It  repre¬ 


sents  the  effort  of  the  inertial  behavior  of  the  nuclei  under  classical  theory, 
The  nuclei  shift  from  the  aligned  condition  to  the  disordered  field  free  con¬ 
dition  only  by  precession  in  the  local  fields.  It  is  assumed  that  the  trans¬ 
verse  noise  component  will  grow  with  the  spread  angle.  Hence  an  approxi¬ 
mation  for 

^^tr  the  standard  deviation  of  the  transverse  magnetization  de¬ 
viation  will  be 


It  is  to  be  expected  that  N,  the  total  population  will  be  involved  because  the 
variance  of  the  parallel  nuclei  adds  to  that  of  the  anti-parallel  nuclei,  since 
the  variance  of  a  sura  of  random  variables  is  the  sum  of  the  variances  with¬ 
out  regard  to  sign. 

The  indicated  direction  of  the  gyro  differs  from  the  true  direction  on 
account  of  this  noise  by  an  angle  given  by 


where  M  is  the -magnetization  in  the  reference  direction, 
z 


M  ^ 
z 


An 


where  A  n  is  the  difference  in  populations  of  the  +1/2  and  -1/2  spin  states. 

The  inequalities  indicated  that  is  decaying,  but,  in  a  practical  time 

z 

t  <  Tj^,  by  very  little. 


■  t  T  c 
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Since 


Z'.'VV  = 


h'l 

KT 


where  E  is  the  enhancement  factor.  Then 


4  KT 

V  h  T  ETTg 


(29) 


(30) 


Using  the  values  for  protons  in  hexane  or  room  temperature, 

y  =  1,3  X  10  /sec.  for  300  gauss 

T  =  300“K 

t  =0.1  sec. 

N  =  1.2  X  10^^ 

t  =10  sec.  ' 

c 

T2  =  1  second 

E  =1 

“27 

h  =  6. 6  X  10  erg  secs. 

K  -  1.38  X  10"^®  erg/® 

Without  alignment  factor, 

A  c|!>  =  5  X  10"  radian,  or  1  second  of  arc 
With  alignment  factor 

A  =  10"®  radian 

With  enhancement, 

E  =  100,  without  alignment  factor 

A(i)  =  5  X  10"  radian 

With  alignment 

=  10  radian 
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If  we  employ  cryogenic  operation  with  methane  and  enhancement  at  90  "K, 
another  factor  of  3  improvement  will  be  added  due  to  the  temperature  de- 


pendence  of  A  n. 

With  sodium,  y 

= 

6.8  X  10  for  600  gauss 

N 

= 

2.3  X  10^® 

^2 

= 

.01  second 

t 

.01  second 

T 

c 

= 

_4 

10  second 

Without  alignment  factor, 

A(|) 

2  X  10“^  radians 

With  alignment  factor, 

A  ((;■ 

_7 

1.2  X  10  radians 

With  enhancement  E 

10, 

A  (p 

= 

2  X  10”  ,  without  alignment  factor. 

A  4^ 

= 

-8 

1.2  X  10  with  alignment  factor 

No  benefit  to  this  term  will  result  from  cryogenics  because  t^elilj&«fii#iBi|pera' 
tures  reduce  T2  below  useful  operating  ranges.  * 

For  comparison  the  results  are  as  follows: 

TABLE  V 

COMPARISON  OF  DRIFT  DUE  TO  MAGNETIZATION  NOISE 

Dodd  Estimate  With  Alignment  Dodd  Estimate 

(No  Alignment  Alignment  Factor  and  with 


Material 

Factor) 

Factor 

Enhancement 

Enhancement 

Hexane, 

300“K 

5x10”®  rad. 

-8 

10  radians 

10”^®  rad. 

5x10“® 

Methane, 

90®K 

2x10”® 

3.3x10“® 

3.3x10"^^ 

2x10"® 

Sodium, 

300*K 

2x10”® 

1.2x10“’^ 

1.2x10“® 

2x10“® 
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The  significance  of  these  numbers  is  indicated  in  the  calculations  of 
required  signal  to  noise  ratiOo  Note  that  the  merit  of  liquid  phase  relative 
to  solid  phase  is  clearly  indicated;  factors  of  100:1  and  1000:1  evident  for 
the  illustrative  materi^s. 

This  noise  sets  limits  on  the  ultimate  performance  of  the  gyro.  How¬ 
ever,  using  Dodd's  calculations,  assuming  r.f.  enhancement  in  Hexane,  we 
have  a  margin  of  2000  over  one  earth  rate  when  the  system  employs  10  sec¬ 
ond  averaging.  If  as  we  have  indicated,  the  effects  of  alignment  are  to  re¬ 
duce  the  random  transverse  component  of  magnetization,  then  a  further  re¬ 
duction  in  thre'shhold  by  a  factor  of  500  is  available. 

Prof.  Jeffries  has  also  derived  the  limitations  of  the  position  gyro  due 
to  a)  fluctuation  in  magnetization  due  to  random  relaxation,  b)  fluctuation 
in  direction  of  the  magnetization  due  to  local  fields,  and  c)  the  statistical 
angular  spread  of  the  magnetization  due  to  a  finite  sample.  This  is  shown  in 
Appendix  E  with  the  conclusion  that  the  largest  effect  is  obtained  from  c), 
that  is,  the  transverse  component. 

6. 4.  THE  CHARACTERISTICS  OF  THE  READOUT 


We  have  seen  that  the  magnitude  of  the  output  voltage  is  proportional  to 
the  drift  angle,  that  is  the  output  is  an  analog  output. 

However,  all  conventional  gyros  use  an  analog  readout,  an  accuracy  is 
not  limited  by  this  property  because  the  system  in  which  they  are  used  is  de¬ 
signed  to  maintain  the  readout  as  a  null.  The  usual  integrating  gyro  is  very 
dependent  on  the  excellence  of  maintenance  of  this  null  for  its  drift  behavior. 

In  general  the  system  requirements  demand  a  null  that  is  absolutely 
smaller  as  the  system  becomes  absolutely  more  precise.  Hence,  the  frac-  . 
tional  (percent)  accuracy  of  the  readout  does  not  need  to  increase  as  fast  as 
system  accuracy. 

When  the  pulsed  gyro  is  used  as  a  null  indicator  in  an  inertial  platform, 
the  error  at  any  time  is  the  sura  of  all  readouts  hince  the  reference  direc¬ 
tion  was  established.  The  summation  process  will  average  all  the  random 

type  errors  to  a  value  whose  deviation  is  given  by  'Tg  =  \[n'  where 

is  the  expected  noise  in  a  reading  and  n  the  number  of  periods  summed. 


The  above  applies  to  errors  that  are  random  during  the  mission  dura¬ 
tion.  Of  course,  the  average  error  is  zero.  Any  offset  errors  that  are  steady 
during  the  mission  will  be  compeneated  in  the  calibration  procedure  for  the 
gyro  system.  The  feedback  system  should  hold  the  readout  at  a  null  by  an 
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integrating  type  servo  system  to  avoid  velocity  lag  errors.  The  scaling 
errors  in  the  readout  are  suppressed  in  the  drift  output  because  the  null  is 
not  permitted  to  grow,  A  sealine  error  merely  changes  the  servo  loop  again, 
and  thus  substantial  scale  error  is  tolerable. 

Only  the  residual  errors,  not  controllable  by  the  above  treatment,  will 
contribute  directly  to  the  system  error.  An  earth's  rate  system  would  need 
to  keep  a  null  the  order  of  a  few  minutes  of  arc.  The  residual  error  for  this 
system  should  average  one  second  of  arc,  about  one  percent  of  the  total  null. 
For  goal  accuracy  the  uncompensated  null  should  be  a  few  seconds,  with  the 
tolerance  on  residual  error  the  order  of  0.01%,  a  difficult  but  not  impossible 
task. 


6.  5.  EXPERIMENTS  CONDUCTED  WITH  LABORATORY  MODEL  PULSED 
COIL  SYSTEM 

Several  experiments  were  conducted  with  various  materials  to  verify 
system  theory,  to  tune  up  the  system  and  to  explore  relative  characteristics 
of  materials  particvilarly  as  they  changed  from  liquid  to  solid  phase.  Ex¬ 
periments  were  conducted  primarily  at  room  temperature. 

6.5,1,  Investigation  of  Null  in  Signal  Output 

A  study  was  undertaken  to  investigate  the  null  in  the  signal  output  of  the 
Arma  position  gyro  configuration.  The  pulsed  coil  gyro  system  was  operating 
as  described  in  section  6. 2.  Using  protons  in  water  or  in  iso-octane  the  sys¬ 
tem  had  been  refined  to  show  a  sign^  that  was  about  100  times  higher  voltage 
than  the  basic  electronic  noise.  Certain  transients  showed  stronger  than  the 
noise,  but  were  capable  of  further  suppression  with  more  development.  But 
no  evidence  of  the  observability  of  a  null  suitable  for  a  gyro  readout  had  been 
collected.  The  next  logical  step  was  to  investigate  the  applicability  of  the 
system  by  observing  the  null. 

■ 

Methods: 

1.  With  the  Helraholz  coils  current  set  for  minimum  field  the  signal 
strength  was  observed  for  various  values  of  drift  time. 

2.  At  various  fixed  values  of  drift  time,  the  signal  voltage  was  ob¬ 
served  as  a  function  of  the  residual  magnetic  field  expressed  as  a 
variation  in  the  current  in  the  Helmholz  coils. 

Results; 

Both  tests  showed  a  definite  null  in  the  form  of  a  dip  in  output  as  zero 

drift  time  is  approached  in  method  (1)  or  as  a  critical  value  of  Helmholz 

current  was  reached  in  method  (2).  The  null  did  not  go  to  zero  in  either 

case  but  this  is  believed  the  result  of  having  control  of  only  one  compo- 
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nent  of  the  residual  magnetic  field.  In  method  (2),  the  minimum  occur- 
red  at  a  slightly  different  current  for  each  value  of  drift  time.  This 
shift  of  null  position  may  be  due  to  some  residual  of  the  polarizing  field, 
which  offset  the  alignment.  The  high  null  would  be  corrected  when  the 
detector  is  made  phase  sensitive.  The  null  shift  calls  for  a  better  ad¬ 
justment  of  the  decay  interval  for  the  polarizing  coil.  But  the  evidence 
for  the  useful  null  seems  quite  clear. 

Conditions: 

1.  The  polarizing  coil  was  operated  off  a  50  volt  supply  and  draws  30 
amperes.  It  is  800  turns  of  wire  in  two  square  section  coils,  giving 
about  350  gauss.  It  is  controlled  by  a  large  relay  and  the  cut  off 

is  regulated  by  a  shunt  resistor, 

2.  The  sensing  coil  is  a  solenoid  12"  x  3"  diam. ,  of  40  turns  spaced 
equally  along  the  length.  The  current  of  1. 92  amps  is  turned  on  in 
1  microsecond  by  a  silicon  controlled  rectifier  and  turned  off  by  a 
relay,  giving  about  3  gauss. 

3.  The  sensing  coil  is  a  pie-wound  4  section  coil  of  about  600  turns, 
tuned  by  a  shunt  condenser  to  13  kilocycles  for  this  test. 

4.  .  The  sample,  15  cc  of  iso-octane,  was  contained  in  a  glass  tubular 

bottle. 

5.  The  signal  from  the  tuned  coil  was  amplified  by  a  Techtronics  low 
noise  amplifier,  gain  -  1000  x,  bandwidth  40-40,000  cps,  then 
filtered  through  a  band  pass  filter  set  to  pass  a  500  cycle  band, 
and  the  output  was  displayed  on  a  Techtronics  12 5A  oscilloscope. 

The  data  shown  was  taken  with  10  seconds  polarizing  time  to  reduce 
variations  due  to  the  manual  timing.  The  remainder  of  the  cycle 
was  electrically  timed,  by  the  sequence  of  relays  with  an  electron¬ 
ic  timer  to  measure  out  the  drift  interval  and  trigger  the  silicon 
controlled  rectifier. 

It  is  evident  from  the  output  waveform  that  there  is  still  some 
excitation  of  the  pickup  coil  from  the  sensing  solenoid  current 
rise,  and  other  later  sources.  These  were  well  enough  controlled 
for  this  test  but  need  further  suppression  for  a  developed  gyro 
system. 

Data: 

The  data  taken  by  method  (1)  is  presented  in  Figure  11.  The  output 
reached  a  maximum  of  4  cm  deflection  at  40  millisecond  with  the  mini- 
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mum  down  to  0. 9  cm  at  0. 5  milliseconds.  This  shows  a  rather  definite 
null  as  a  function  of  the  drift  time.  However,  this  relation  does  not 
eliminate  the  possibility  of  explanation  by  some  temporal  function  other 
than  precession  of  the  nucleii.  Hence  observations  by  method  (2)  were 
made. 

Some  data  was  taken  earlier  by  method  (2),  in  which  a  null  was  ob“ 
served  for  drift  times  of  0. 5  and  1. 5  milliseconds,  with  observation 
of  a  definite  null  as  a  function  of  the  residual  field  as  controlled  by  the 
Helmholz  coils.  But  the  null  vanished  at  higher  drift  times  because  of 
the  poor  transient  conditions.  These  conditions  were  improved  by  re¬ 
adjusting  the  decay  time  constants  of  the  polarizing  and  sensing  coils 
and  the  null  was  observable  up  to  40  milliseconds.  Figure  12(a)  shows 
an  oscilloscope  trace  of  the  output  signal  near  its  maximum  value. 

The  maximum  amplitude  data  are  plotted  in  Figure  13,  with  Helmholz 
coil  current  as  abscissa,  to  represent  variations  in  tne  residual  field. 
Sweeps  of  magnetic  field  were  made  with  drift  times  of  0.4,  2.  5,  8.0, 

20  and  40  milliseconds. 

It  will  be  noted  that  there  is  still  considerable  output  at  minimum. 

This  result  is  expected  because  the  system  cannot  discriminate  between 
the  two  degrees  of  freedom  since  it  does  not  have  its  phase  discrimina¬ 
tor.  Only  one  component  of  field  is  controlled.  Also  the  signal  polarity 
is  lost  for  the  same  reason. 

The  null  is  shifted  from  the  nominal  zero  field  position  which  was  very 
close  to  .  800  amperes.  This  shift  would  correspond  to  an  alignment 
offset  of  1/2  radian,  which  would  indicate  some  residual  polarizing 
field  at  the  time  of  sensing  coil  shut-off. 

It  is  interesting  that  data  taken  at  8  millisecs  was  extended  to  .  840  amp 
and  shows  a  second  null  at .  820  amp,  which  corresponds  approximately 
to  180“  precession  from  the  observed  null  point,  where  another  null 
should  be  expected. 

It  was  concluded  from  these  tests  that  a  usable  null  can  be  developed 
from  this  position  gyro  configuration.  The  development  needed  includes: 

1.  Phase  discrimination 

2.  Alignment  precision 

3.  Control  of  output  coil  transient  excitation 
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6.5.2.  Experiments  with  Sodium,  Paraffin  and  Polyethylene 

Strong  signals  were  observed  from  the  prorons  in  water,  benzene, 
iso-octane  and  even  from  the  light  oil  of  the  sodium  dispersion.  But  the 
sodium  metal,  which  was  the  room  temperature  solid  that  showed  the 
strongest  signal  possibility  of  all  available  solids,  did  not  give  a  detectable 
signal.  While  the  calculated  S/N  ratio  for  sodium  is  4  (p.  31  )  with  in¬ 

creased  fields  in  the  pulsed  coil  system,  the  presence  of  a  spurious  transient 
signal  in  the  output  coil  made  its  observation  impossible  with  the  current 
state  of  the  instrument. 

This  signal  is  shown  in  Figure  12(b)  an  oscilloscope  photo,  with  the 
coil  tuned  to  2500  cycles.  The  odd  shapes  at  the  beginning  of  the  trace  is 
due  to  saturation  of  the  pre“amplifier.  The  second  (top)  trace  is  of  the 
sensing  coil  current.  Initial  amplitude  is  estimated  at  12  millivolts,  with 
decay  time  constant  at  13KC  of  ,  002  second.  Since  the  expected  sodium 
signal  is  about  5  x  10-6  volts  with  .  010  second  decay  constant,  this  signal 
would  disappear  into  the  background  noise  before  the  spurious  signal  had 
decayed,  whereas  protons  in  liquid  give  a  longer  lasting  signal.  A  sub¬ 
stantial  improvement  in  this  condition  would  be  needed  to  permit  finding  the 
signal  from  sodium.  In  view  of  the  greater  difficulties  of  observation  in 
solids  and  the  poor  promise  of  the  expected  results,  development  in  this  di¬ 
rection  does  not  seem  warranted.  Signals  from  the  sodium  in  the  dispersion 
were  observed  on  the  laboratory  RF  NMR  system. 

Attention  was  directed  to  parafine  and  its  isomer  polyethylene.  A  re¬ 
port  by  Lowe,  Bowen,  and  Norberg  in  the  Physical  Review  (Ref.  34)  in¬ 
dicated  that  T2  for  the  latter  material  had  been  observed  to  vary  from  0. 1 

secs  in  a  molten  sample  at  392“ K  to  4  yu  secs,  in  the  solid  at  240®  K,  im¬ 
plying  a  gradual  change  in  the  region  near  the  melting  point.  T^  was  report¬ 
ed  at  0. 1  sec. 

These  materials  were  melted  and  put  into  the  pulsed  coil  gyro  system. 
In  both  cases,  a  strong  signal  was  observed.  The  sample  was  allowed  to 
cool  gradually,  and  the  output  diminished  as  the  material  solidified.  There 
was  a  lag  in  toth  samples,  so  that  when  the  liquid  phase  was  no  longer  vis¬ 
ible  nearly  1/2  the  signal  was  still  observed,  see  Figure  12  (c,  d).  But  a 
few  hours  later,  there  was  no  detectable  signal  in  the  solid  state.  It  was 
concluded  from  these  observations  that  there  was  no  intermediate  value  of 
T2  near  the  melting  point  since  there  was  no  evidence  of  a  shorter  time  con¬ 
stant  in  the  oscilloscope  traces. 

6.  6.  INSTRUMENTAL  PROBLEMS 

The  performance  of  the  gyro  has  been  described  as  a  problem  in  signal 
to  noise  enhancement.  In  previous  sections  the  noise  arising  from  the 
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magnetization  process,  and  from  the  elctronic  instrumentation  has  been 
evaluated.  Two  other  major  areas  remain  for  consideration.  These  are 
the  elimination  of  stray  magnetic  fields  which  disturb  the  gyro  during  its 
drift  period,  and  the  technology  of  Incorporating  microwave  pumping  to  in¬ 
crease  the  magnetization  of  the  specimen.  These  latter  are  discussed  in 
this  section. 

6.  6. 1.  Cryogenics 

6.  6. 1.1.  Shielding 

Discussions  of  the  performance  of  the  pulsed  coil  nuclear  gyro  have 
assumed  that  during  the  drift  period  there  were  no  external  magnetic  fields 
acting  on  the  nuclei.  Generally  speaking  this  will  not  be  so.  Accordingly 
when  the  sensing  coil  current  is  cut  off  the  nuclei  will  go  into  free  preces¬ 
sion  around  the  external  residual  field  with  a  period  determined  by  the 
magnitude  of  this  field. 


In  order  to  achieve  a  specific  level  of  drift  rate  the  free  precession 
rate  must  be  less  than  the  drift  rate.  For  a  drift  rate  of  0.  001®  /hour  the 
residual  magnetic  field  must  be  less  than  10*13  gauss.  To  meet  this  re¬ 
quirement  at  the  surface  of  the  earth  is  a  major  undertaking.  In  a  vehicle, 
near  strong  fields  it  will  surely  be  more  difficult.  For  example,  in  the 
laboratory  by  using  Helmholtz  coils  we  have  been  able  to  achieve  a  short 
term  reduction  of  earth's  field  to  about  10*5  gauss,  and  an  average  to  about 
10"^  gauss. 


With  the  best  high  permeability  shield,  the  multiple  layer  shielding, 
attenuation  of  the  order  of  10’  can  be  achieved.  It  is  evident  that  convention¬ 
al  techniques  are  not  capable  of  giving  the  required  degree  of  magnetic 
shielding.  Superconductivity  may  provide  the  solution.  A  shield  can  4"  x 
6"  will  show  a  time  constant  greater  than  lOl^  seconds.  This  gives  field 
stability  for  an  earth’s  rate  gyro  of  weeks.  It  can  be  extended  to  the  goal 
performance  by  the  help  of  external  magnetic  shielding  which  can  limit  the 
environmental  field  outside  the  cryogenic  shield  to  milligauss. 


A  highly  effective  magnetic  shield  might  be  achieved  by  utilization  of 
the  Meissner  effect  in  superconductors  where  magnetic  flux  is  completely 
expelled  from  the  interior  of  the  superconductor.  Most  of  the  published 
work  on  the  diamagnetic  behavior  of  superconducting  materials  was  con  ¬ 
cerned  with  solid  samples  of  simple  cylindrical,  spherical  or  elipsoidal 
shape.  Very  little  quantitative  data  was  available  on  the  diamagnetic  be¬ 
havior  of  hollow  superconducting  bodies  such  as  would  be  required  in  order 
to  create  a  magnetic  shield  for  the  nuclear  gyro.  On  the  qualitative  side  we 
note  that  it  had  been  reported  in  the  literature  (Ref.  35)  that  the  magnetic 
field  inside  a  superconducting  pure  lead  hollow  sphere  was  "zero”  when 
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measured  with  bismuth  probes,  with  no  comment  on  the  probe  sensitivity. 

The  problems  related  to  a  superconducting  magnetic  shield  include; 

1.  the  selection  and  fabrication  of  suitable  shield  materials. 

2.  establishing  methods  for  reducing  magnetic  leaks  due  to  electri¬ 
cal  lead  connections  through  the  magnetic  shield  walls. 

3.  Initial  reduction  or  cancellation  of  stray  magnetic  fields  prior  to 
establishing  the  condition  of  superconductivity.  This  would  be  re¬ 
quired  in  order  to  reduce  flux  trapping  in  the  shield. 

4.  Measurement  of  extremely  small  magnetic  fields  in  a  liquid  helium 
environment  at  approximately  4.  2°K. 

5.  Selection  of  structural  materials  for  the  gyro  support  structure 
and  the  shield  support  structure.  These  materials  must  be  non¬ 
magnetic  and  should  be  capable  of  occasional  cycling  between 
room  temperature  and  4. 2“  K  without  failing  catastrophically. 

6.  The  magnetic  sheld  structural  design  should  be  one  in  which  mag¬ 
netic  leaks  due  to  helium  gas  vent  ports  are  avoided. 

Initial  planning  on  magnetic  shielding  include  a  study  of  thin  films  de¬ 
posited  in  high  vacuum.  Study  of  the  literature  revealed  that  the  thin  films 
have  a  much  higher  critical  field,  for  quenching  of  superconductivity 

(i.  e.  reestablishment  of  finite  resistance  in  specimen)  than  bulk  materials 
but  the  diamagnetic  behavior  of  thin  films  is  much  worse  than  that  of  bulk 
material  (i.  e.  complete  flux  penetration  occurs  at  very  low  values  of  field 
in  the  thin  films).  Perfect  diamagnetic  behavior  of  a  superconductor  is 
evident  only  when  the  dimensions  of  the  specimen  are  large  in  comparison 
with  the  penetration  depth  of  the  magnetic  field,  which  is  of  the  order  of 
10"5  cm. 


Inhomogeneities  in  crystal  structure  are  thought  to  be  responsible  for 
anomalous  behavior  of  many  superconductors  through  a  mechanism  where 
the  surface  tension  is  lowered  and  it  becomes  energetically  favorable  for 
the  metal  to  divide  into  laminar  regions  which  exhibit  an  incomplete 
Meissner  effect. 

In  superconduting  alloys,  it  has  been  observed  that  a  magnetic  field 
gradually  penetrates  the  specimen  which  becomes  completely  normal  only 
at  very  high  values  of  field.  When  the  field  is  decreased,  the  flux  remains 
trapped  or  'locked  in"  even  at  zero  field.  This  behavior  has  been  observed 
by  many  experimenters  in  tests  using  alloys  or  inhomogeneous  samples  of 
pure  metals. 
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The  considerations  given  above  lead  us  to  believe  that  the  most  prom¬ 
ising  approach  to  a  superconducting  shield  design  will  be  through  the  use  of 
a  pure,  homogeneous  metal  such  as  lead  which  exhibits  the  complete 
Meissner  effect.  The  critical  magnetic  field  for  lead  is  rather  low  (approxi¬ 
mately  550  gauss  at  4. 2®  K)  but  this  is  not  an  insurmountable  difficulty 
since  the  shield  and  gyro  can  be  designed  so  that  the  critical  field  is  not 
exceeded  at  the  shield.  Lead,  in  addition,  can  be  obtained  in  high  purity 
form  with  a  high  degree  of  homogeneity  and  is  readily  fabricated.  Other 
common  elemental  superconductors  such  as  indium,  tin,  tantalum,  niobium, 
aluminum,  and  cadmium,  have  been  ruled  out  as  primary  choices  for  a 
shield  on  the  basis  of  some  or  all  of  the  following  considerations: 

1.  Inconveniently  low  critical  temperature. 

2.  Very  low  critical  field. 

3.  Lack  of  availability  in  high  purity,  and  high  homogeneity. 

4.  Extremely  difficult  to  fabricate. 

6.  6. 1. 2.  Rotational  Induced  Fields  in  Superconductors 

In  London’s  book  on  Superfluids  (Ref.  36)  he  notes  that  for  a  rotating 
sphere  of  radius  R,  and  angular  velocity  w  a  field  interior  to  the  sphere  may 
be  induced  in  accordance  with  the  equation 

\  W  (31) 


where  m  and  e  are  the  electronic  mass  and  charge,  respectively.  When  W 
is  of  the  order  of  10^  per  sec  this  is  a  field  of  the  order  of  10“'^  gauss. 

If  our  superconducting  shield  were  to  rotate  at  earth’s  rate  we  would 
We~'  10'^  sec  ’’ 


and  then 


h  =  (10-4)  (10-4) 

n 

103 


gauss. 


the  equivalent  precession  rate  corresponding  to  this  field  is  determined  from 
the  sensitivity  of  the  nucleus  in  the  spin  sample.  Using  4.  3  k  cps  per  gauss 
we  find  the  equivalent  precession  rate  to  be 
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We  =  4.3  X  2*51  X  10^  x  10"'^ 
=  2.7  X  10~®  rad/sec. 


This  is  about  one-fortieth  of  earth  rate.  It  should  be  noted  that  in  the 
planned  use  of  the  gyros  the  instrument  actually  is  fixed  in  inertial  space 
so  that  this  limitation  should  be  eliminated.  In  the  case  where  the  gyro  is 
not  stabilized,  the  effect  is  small  enough  to  be  compensated. 


6.  6. 1.  3.  Concerning  Quantized  Magnetic  Flux 


London  (Ref.  1)  concluded  that  the  magnetic  flux  trapped  in  a  twofold- 
connected  superconducting  body  (ring  or  tube)  should  not  have  any  arbitrary 
value  but  should  be  quantized.  Since  this  several  papers  have  been  publish¬ 
ed  (Refs.  37,  38)  either  confirming  or  differing  with  the  concept.  The 
papers  which  present  experimental  evidence  in  favor  of  the  I/Ondon  concept 
disagree  with  London's  value  of  the  quantized  unit  by  a  factor  of  one-half. 
London  proposed  a  value  of  4. 12  x  10"'^  gauss  an  2  for  the  unit. 

If  this  concept  of  quantized  magnetic  flux  is  true  and  applies  to  a  hollow 
sphere  (with  a  hole  in  it),  then  our  problem  of  proper  shielding  is  somewhat 
simplified.  A  high  order  of  shielding  will  still  be  necessary,  however,  in 
this  section  we  would  have  to  shield  down  to  about  lO"*^  gauss  instead  of  10"^^ 
gauss.  The  possibility  of  obtaining  the  very  low  field  necess^y  for  gjfro  op¬ 
eration  thus  exists. 


Of  course  the  problem  of  how  to  measure  these  low  fields  still  remain, 
It  may  be  necessary  to  employ  the  nuclear  gyroscope  itself  to  determine  the 
magnitude  of  stray  or  trapped  magnetic  fields. 

6.  6. 1.  4.  Experimental  Investigations  on  Magnetic  Shields. 

D.  C.  Measurements 


Preliminary  studies  on  instrumentation  which  could  be  used  to  measure 
the  magnitudes  of  extremely  small  magnetic  fields  showed  that  state  of 
the  art  instruments  available  could  be  broadly  classified  according  to 
the  following  types; 

1.  Search  coils  which  can  measure  rapid  fluctuations  down  to  approxi¬ 
mately  lO"^  gauss. 

2.  Flux  gate  instruments  which  measure  field  values  in  the  10”^  to 
10"^  gauss  region. 

3.  Proton  precession  magnetometers  which  measure  total  fields  in 
the  10"  ^  gauss  region. 
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4.  Solid  state  instruments  such  as  Hall  effect  probes  and  bismuth 
resistivity  probes  which  measure  fields  in  the  10“3  gauss  region. 

5.  Optically  pumped  rubidium  magnetometers  which  can  measure 
fields  in  the  10-6  gauss  region. 

The  flux  gate  magnetometer  instrument  was  selected  for  preliminary 
use  on  the  basis  of  small  size,  e;|j|e  of  operation,  andaavailability. 

The  D.  C.  measurements  consisted  of  enclosing  small  iron  core  elec¬ 
tromagnets  in  lead  enclosures  and  periodically  applying  pulses  of  D.  C. 
current  to  the  coils  when  the  enclosure  was  made  superconductive. 

The  penetrating  field  was  then  picked  up  by  the  flux  gate  magnetometer 
■'‘■^dpbe.  Field  attenuations  of  the  order  of  103  to  10^  to  1  v/ere  meas¬ 
ured  with  lead  shields.  Difficulty  was  experienced  in  obtaining  suf¬ 
ficient  resolution  at  these  low  levels  since  the  magnetometer  was  sub¬ 
ject  to  the  very  noisy  magnetic  environment  present  in  the  working 
areas.  Random  fluctuations  in  the  magnetic  field  gave  rise  to  similar 
fluctuations  in  ihe  magnetometer  and  made  detection  of  the  field  pene¬ 
tration  very  difficult. 

A.C.  Investigations 

In  order  to  decrease  the  masking  effect  of  the  random  magnetic  field 
fluctuations  in  the  D.  C.  technique,  an  experiment  was  devised  in  which 
a  transmitter  solenoid  and  a  receiver  coil  would  be  placed  in  the  helium 
cryostat.  The  receiver  coil  v/as  enclosed  in  lead  and  immersed  in 
helium.  The  transmitter  would  th^n  be  energized  with  A.C.  power 
while  the  output  of  the  receiver  would  be  monitored.  The  arrangement 
would  more  closely  duplicate  lue  proposed  arrangement  of  the  nuclear 
sample  within  a  shield  against  external  magnetic  disturbances  and 
would  be  less  subject  to  slow  random  fluctuations  in  the  magnetic  field 
in  the  laboratory.  It  was  expected  that  attenuations  of  the  order  of 
10®  or  10^  to  1  would  be  readily  detected  by  this  means. 


■F  o  Y^r'v*r>vi  m to - 

^  -x^Jr - 


In  actual  experiments  perform.ed  thus  far,  attenu, 

Iv  500  to  1  have  been  ovserved.  The  reason  for  this  unexpectedly  low 


value  have  not  been  explained  yet  buy  may  possibly  still  be  done  to 
magnetic  pickup  in  the  receiver  coil  leads  or  possibly  may  be  due  to 
electrostatic  sources  of  noise.  Observation  of  the  pickup  coil  output 
waveform  showed  an  extremely  distorted  wave  shape  of  the  proper 
frequency  when  the  shield  was  superconducting.  The  helium  level  was 
allowed  to  drop  until  a  small  portion  of  the  shield  was  above  the  criti¬ 
cal  temperature  for  lead.  At  this  time,  the  v/ave  form  changed  to  a 
pure  sinusoid  and  the  magnitude  increased  by  approximately  two  orders 
of  magnitude  with  further  increases  in  the  magnitude  as  the  shield  be¬ 
came  prngre^-sively  normal. 
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6.  6. 1.  5.  Superconductive  Magnet  Studies 

Room  temperature  models  of  the  pulsed  nuclear  gyro  require  a  large 
solenoidal  coil  to  produce  a  uniform  alignment  field.  The  power  require¬ 
ments  of  such  a  coil  preclude  continuous  operation  on  a  long  term  basis 
since  the  coil  would  overheat  and  be  destroyed. 

Superconducting  magnets  appear  to  be  very  desirable  for  the  nuclear 
gyro  application  because  they  can  be  small  and  require  little  power  while 
producing  large  fields. 

Since  the  magnitude  of  the  polarizing  field  is  of  relatively  low‘^5^^S& 

(  ^  1000  gauss),  the  requirement  for, using  high  field  materials  such  as 
niobium-tin  or  niobium -zirconium  can  bH^ivoided.  A  readily  available  high 
purity  material  such  as  niobium  is  felt  to  be  adequate  for  the  nuclear  gyro 
application. 

Operational  requirements  in  the  pulsed  mode  set  a  switching  time  of 
approximately  one  millisecond  for  the  superconducting  polarizing  coil.  This 
requirement  together  with  the  relatively  low  field  value  did  not  pose  any 
severe  problem  in  coil  and  switching  circuit  design.  The  main  problem  ap- 
•  peared  to  be  one  of  protecting  the  superconducting  coil  against  catestrophic 
damage  should  the  coil  be  driven  normal  inadvertently.  This  promem  could 
be  solved  quite  readily  with  well  known  techniques  of  using  parallel  copper 
turns  as  a  protective  energy  sink.  A  number  of  wire  insulating  techniques 
are  satisfactory  for  use  at  cryogenic  temperatures.  These  include  silk, 
formvar,  epoxy  or  teflon  cladding  techniques. 

An  unanticipated  problem  which  was  revealed  during  the  course  of  the 
experimental  program  was  that  c-f  i  emnant  flux  in  the  solenoid  with  zero 
current  through  the  coil.  No  publir-h^ed  data  on  iffiHieffect  had  been  available 
prior  to  the  starilof  the  gyro  program  (Refs.  34,  40).  Conversations  with 
people  at  M.  I.  T.- and  with  various  workers  in  the  field  indicated  that  this 
phenomenon  of  remnant  flux  at  zero  f  iGld  rriigiit  Gxis  t  in  all  superconductors. 

The  problem  of  remnant  flux  at  zero  field  is  serious  in  that  the  flux 
distribution  after  each  operational  pulse'^IKlJ^SlSlS!!^  be  nonrepeatable  so 

that  compensation  techniques  would  not  be  co^mpletely  successful. 

An  experimental  arrangement  »as  devised  to  obtain  quan^tative  data 
on  the  relationship  between  applied  ffeld  and  remnant  field  with  zero  current 
in  the  coil.  In  this  setup  a  search  coil  was  rotated  at  high  speed  in  the 
solenoid  gap  and  the  output  voltage  of  the  coil  observed  as  a  function  of  coil 
current.  The  coil  drive  was  supported  by  teflon  bearings  since  all  other 
bearings  would  tend  to  freeze  at  liquid  helium  temperatures.  The  sensitivity 
of  the  coils  was  20  mv/gauss  with  a  resolution  in  the  indicators  of  two  (2) 
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microvolts.  In  practice,  the  stray  magnetic  fields  which  can  not  be  com¬ 
pensated  by  Helmholtz  coils  set  a  limit  of  resolution  of  approximately  40 
microvolts  or  an  equivalent  noise  level  of  the  order  of  2  milligauss.  Initial 
experiments  indicated  that  the  noise  level  was  not  exceeded  by  the  signal  from 
the  remnant  flux  until  the  applied  magnetic  field  was  approximately  600  gauss. 

A  possible  solution  fc-  the  remno.iiL  flux  might  include  fabricating  coils 
of  an  elemental  material  such  as  lead,  which  shows  homogeneous  supercon¬ 
ductivities  in  its  pure  form.  The  question  of  the  rapidity  with  which  this 
could  be  accomplished  would  require  further  study. 

Perhaps  the  most  serious  problem  in  this  entire  domain  is  the  evalua¬ 
tion  of  small  magnetic  fields.  As  we  succeed  in  reducing  stray  fields  below 
the  threshhold  of -t^^ratory  equipment  we  will  find  ourselves  in  a  region 
where  the  only  means  for  observing  stray  fields  is  by  the  free  precession  of 
nuclei  in  the  fields  -  that  is  by  means  of  a  nuclear  gyro  itself. 
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7.  SUMMARY  AND  COInCLUSIONS 

The  objective  of  this  program  was  to  investigate  the  feasibility  of 
solids  as  working  materials  in  a  nuclear  gyroscope,  and  to  demonstrate  this 
feasibility  if  present.  Analytical  and  experimental  work  was  carried  out. 

The  conclusions  reached  wpre  the  following: 

'‘(a)  The  performance  of  three  nuclear  gyro  systems  have  been  com¬ 
pared  in  an  analysis  of  material  applicability.  The  results  indicate  that 
solids  as  a  class  show  poor  gyro  performance,  having  drift  rates  of  approxi¬ 
mately  0. 1  deg/hr  or  greater.  On  the  basis  of  drift  performance,  only  one 
solid,  helium  3,  maintained  under  suitable  conditions  of  cryogenic  tempera¬ 
ture  and  high  pressures, "j^fered  a  possibility  of  meeting  performance  goals 
of  10'3  degrees  per  hour  for  a  Solid-State  nuclear  gyro. 

(b)  On  the  same  performance  basis  liquids  are  superior  to  solids. 
Several  liquids  offer  the  possibiuty  of  meeting  the  performaxice  without  em¬ 
ploying  extraordinary  environmental  conditions.  The  liquid  form  of  helium 
is  superior  to  solid  helium  in  this  respect. 

(c)  Certain  solids  stand  out  as  a  class  of  materials  which  though  in¬ 
ferior  to  liquids  -offer  performance-  possibilities  approximating  one  earth 
rate  if  used  in  a  rate  gyro  system.  These  solids,  sodium,  and  lithium,  pos¬ 
sess  nuclear  characteristics  at  room  temperatures  which  approximate  those 
of  liquids. 

(d)  The  proposition  has  been  advanced  for  solids  that  it  may  be  possible 
to  find  a  combination  of  nucleus  and  a  crystalline  host  which  can  be  optically 
pumped  to  increase  the  effective  magnetization  of  the  susceptible  nuclei. 

This  combination  has  not  been  discovered.  In  certain  respects  the  criteria 
for  this  are  self  -contradictory  which  implies  a  search  for  exceptions  to  the 
expected  rules.  Since  this  is  not  impossible  it  remains  a  possible  avenue  of 
solution.  The  doped  crystal  combination  is  proposed  here  as  an  attempt  to 
overcome  some*^f  the  problems  intrinsic  to  solids. 

(e)  A  new  readout  system  has  been  proposed  and  breadboards  have 

been  mad*^  +  the  prin'-’’^^''  ^t^med  Pulsed  Nuc^'^ar  Gvros''"^’"''^ 

it  is  contemplated  that  it  would  be  used  a.s  a  two  axis  drift  sensor  on  a  stable 
platform  with  a  pair  of  them  forming  the  basis  for  a  complete  stabilization 
system.  They  also  appear  to  be  'iompatible  in  principle  with  a  new  strapped 
down  gyroscope  configuiration  under  development  for  ASD.  Although  the 
design  concepts  lor  the  system  v/ere  oriented  toward  solids,  operated  at 
cryogenic  temperatures,  analysis  and  experiment  indicatCvS  that  this  system 
perfor  m  jy'. ; :  ly  wjth  sc  lids  Inn.  would  be  aiiceptable  with  liquid  samples  if 
certain  prar.t.ica!  ditfiiculties  c^'uld  be  overc-ome.  Because  of  its  high  sensi¬ 
tivity  to  '-trav  ma,gne-M(;  fields^  a  high  order  of  shielding  is  necessary. 
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8.  RECOMMENDATICiJS  FOR  FUTURE  WORK 


1. 


On  the  basis  of  the  current  state  of  the  art  it  does  not  appear  fruit¬ 
ful  to  pursue  the(’i||tilization  of  solids  in  a  nuclear  gyro,  and  based 
upon  this  we  cannot  recommend  further  investigation.  However, 
the  art  does  change,  and  new  and  surprising  information,  parti- 
cuiarly  in  soliU  state,  is  continually  being  turned  up.  The  one 
line  of  investigation  that  could  be  recommended  is  the  possibility 
that  optical  pumping  of  some  suitable  nucleus  dispersed  in  a  host 
crystal  might  sufficiently  enhance  the  magnetization  to  overcome 
the  signal/noise  problems  intrinsic  in  solids  and  the  large  dilution 
characteristic  of  this  structure.  As  noted  in  the  text,  Ca^Q  is  a 
possible  nucleus  for  thi5|gurpose. 


The  performance  potential  indicated  for  liquids  approximates  the 
desired  goal.  It  is  recommended  that  future  gyroscope  efforts  be 
directed  toward  the  use  of  liquid  helium  as  the  best  means  of 
achieving  the  drift  performance. 


3.  All  of  the  systems  studied  here  have  operational  difficulties  which 
must  be  overcome,  whether  solid  or  liqiji^^id  samples  are  used. 

Since  the  orientation  of  the  sensitive  axis  or,  equivalently,  the 
free  precession  in  the  pulsed  system,  is  determined  by  the  com¬ 
bination  of  controlled  and  stray  magnetic  fields  all  of  the  systems 
are  vulnerable  to  stray  fields  and  a  very  high  order  of  isolation  is 
necessary.  This  and  the  availability  of  a  suitably  stable  frequency 
reference  probably  set  the  practical  limits  of  performance  and  de¬ 
fine  the  major  elements  of  cost  in  these  systems.  They  appear  to 
represent  the  areas  of  instrument  development  which  should  be 
emphasized  at  this  time. 


4.  The  dillicuiiy  involved  in  shielding  the  sample  from  trapped  mag¬ 
netic  fields  may  be  somewhat  relieved  if  it  is  true  that  in  certain 
cases  the  magnetic  field  is  quantized  in  units  of  about  10""^  gauss. 
This  latter  point  is  not  completely  accepted  as  a  fact  and  this  is 
a  problem  which  should  be  pursued  and  settled  in  the  future. 
Whether  the  magnetic  field  is  quantized  or  not,  the  shielding 
problem  is  still  present.;  however,  the  existence  oi  quantizea  units 
imposes  less  stringent  requirements  on  the  design. 
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Fiq.  U  SIQNAL  VAR\AT\ON  VvIlTH  DR\FT  TIME 


(d) 


12  Signals  obtained  after  aenaing  field  Hg  is  applied. 

(a)  leo-octane  aample  (b)  Pulae  excited  coil 
oacillation  (c)  Molten  aaxnple  of  paraffin  (d)  Paraffin 
aample  which  appeara  solid. 


65 


HBBHaaBHBM - 


Ibbbbbbbbi 

BBBBBBBBI 


Figure  13  Si^l  Amplitude  VS  HrH  Coil  Current ’ 

So!loctSe“* 


l■■■■BflBBBBBBBBL_ 
IBBBBBBBBBBBBBBBi 
BBBBBBBBBBBBBBBB 

SiiSSSSSS!*****"* 


iBaBBBBBBBaBBBSSSESSSSSSSSSS=""""***"**»l 

'••■■■iiisiswigsar^sssssssr""""" 


aa^BBflBBBL; _ 

liaBiBBaiBM 


iMMBBBBBBBBBBfc. 


'■■■■■■■■■IBBBBI 

SiiBBflBflBaBBBBI 


■BBBai 


sai"5igSigBSiB.iiBiisaiii 

IBBS!S5!S!SSSBSSBBS!9B!!Bb| 


.fsoo  ,£i0oa 

HELMHOLTZ  COIL  CURRENT 


■aaaBBaaBBBBBBBBBBiaaaaai 


,8too 


,0ifoO 


APPENDIX  I 


Biblic^raphy  -  Nuclear  Magnetic 
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Emeleus  H.  J.  and  Sharpe,  A.  G. ,  Editors 

Advances  in  inorganic  chemistry,  vol. 4.  1962.  344pp.  Academic  Press  Inc., 
N.  Y. 

Chapter:  "The  use  of  nuclear  magnetic  resonance  in  inorganic  chemistry",  by 
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228;  discussion,  p.  228-231,  discusses  use  of  nuclear  magnetic  resonance  for 
the  study  of  local  fields  in  the  sample,  with  the  special  aim  of  studying 
structure  and  chemical  bonding. 
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Nuclear  magnetic  resonance  in  metals.  (Progress  in  Materials  Science,  v.9., 

No.  1,  1961,  91pp.) 

Revii^Gl  of  theory  and  experimental  results. 

Rutgers  State  University 

A  study  of  the  properties  of  matter  by  means  of  nuclear  magnetic  resonance. 

Iran.  26,  1960.  22pp.  May  be  obtained  from  the  Library  of  Congress,  Photo¬ 
duplication  Service,  Publications  Board  Project,  Washington  25,  D.C.  as 
Report  No.  PB  164334.  Price:  Microfilm  -  $2. 70 
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APPENDIX  n 


Dynamic  Nuclear  Polarization  by  Microwave  Pumpirtg 
in  Solids;  Enhancement  of  Nuclear  Resonance  Signals 
BY  PROF.  C.  D.  JEFFRIES 


A.  Principle  of  Method 

The  method  which  is  applicable  to  solids  containing  a  large  fraction  of 

the  nuclei  of  interest  is  the  method  of  saturation  of  forbidden  transitions  in  ; 

electron- nuclear  dipolar  coupling.  We  have  developed  this  method  Itere  to  1 

such  an  extent  that  we  obtain  approximately  70%  (corresponds  to  increase  of  ‘ 

5  I 

2  X  10  of  Mq)  proton  polarizations  for  all  the  protons  in  (Nd,  Ca)2  Mgg  I 

(NOg)i2  24H2O.  This  method  is  called  the  ’’effect  solids”  by  the  Saclay  | 

group.  Basic  references  are: 

1.  C,  D,  Jeffries,  Phys.  Rev.  117,  1056  (1960),  Part  m.  fi  ; 

2,  O.  S.  LeifsonandC.  D.  Jeffries,  Phys.  Rev.  122,  1781  (1961). 

3.  T.  J.  Schmugge  and  C,  D.  Jeffries;  Phys.  Rev.  Letters  9,  268 

(1961). 

4,  Dynamic  Nuclear  Orientation,  C,  D,  Jeffries,  John  Wiley  (1963, 

in  press). 

A  representative  sample  for  which  this  method  works  is  a  single  crystal 
(say  a  flat  hexagonal  plate  1  cm  in  diameter  X  2  mm  thick)  of 

3+ 

(N ,,  L  )  Mgn  (NO„)  »  24H2O.  The  paramagnetic  Nd  ions  form  an 

a  a  2  ^  ^2  ^ 

S  =  electron  spin  system;  the  protons  in  the  waters  of  hydration  form 

an  I  =  i  nuclear  spin  system.  Place  the  crystal  in  a  magnetic  field  H  ; 

z  11° 

the  energy  levels  will  be  labeled  by^S  ^  =  M  =  ±  2’  ~  ^z  ~  ^2 
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M$,  Mt 
^+4r'4') 


POPULATIONS  ctnd  =+i< 

l-hVE/^T  ' 

\ 


1  + 


The  crystal  must  be  irradiated  with  a  Hj  field  at  the  mdcrowave  frequency 

'V  =  "V  ~  T  as  shown.  This  will  saturate  the  so-called  forbidden  transi- 
e  n 

tions  (+  -j,  +  ^ - «►  (-■|,  ^  corresponding  to  flipping  both  electrons  and 

nuclear  spins.  The  relative  populations  of  the  levels  become  as  shown,  if  we 
also  include  the  effect  of  the  dominant  electron  spin-lattice  relaxation,  shown 


The  nuclear  polarization  is  thus 


N  (Mj  =  +  \)  -N  (Mj  =  -  -i) 
N  (Mj  =  +  \)  +N  (Mj  «  -  1) 


-  ^^e/2KT  I 


10 


Ve  ^  10 
T  rsj  1“K 


To  reduce  this  to  the  nuclear  magnetization,  we  write  the  enhanced  mag- 

V. 

netization  as  x  x  500,  typically.  Thus  this  method 

11 

gives  an  enhancement  of  the  magnetization  (and  hence  of  the  nuclear  resc% 


nance  signal)  by  a  factor  around  500.  Experiments  hereJiave  verified  this 
enhancement  for  this  crystal,  under  the  conditions: 


T  -  1.  S^K 

=  75  KM„ 
e  c 

H  20  koe 
o 


Tj  =  10^  sec 

Tg  =  10"®  sec 


crystal  mass  ^  100  milligrams  up  to  20  grams. 

When  the  nuclear  magnetization  is  as  large  as  this  (10  X  longer  than 
usual)  We  find  that  the  detector  coil  Q  is  visibly  lowered  by  the  resonance; 
it  is  that  strong. 


K  the  frequency  V  =  +  V  is  used  instead  of  V  =  -  V  the 

^  e  n  e  n 

magnetization  is  similarly  enhanced,  but  reversed  in  sign.  This  Increases 
the  coil  Q,  and  it  is  possible  to  obtain  maser  action,  4.  e,  the  coil  Q  is  ef¬ 
fectively  increased  to  Infinity  and  the  system  becomes  an  auto-oscillator  at 
the  nuclear  frequency  V^. 


To  summarize,  by  dynamic  proton  polarization  in  solids  at  helium 
temperatures,  it  is  possible  to  obtain  an  increase  of  by  ^  10  over  its 
room  temperature  thermal- equilibrium  value.  This  would  correspondingly 
increase  the  signal  voltage  V^y  by  the  same  factor,  where 

V  y  is  the  initial  free  precession  signal  voltage  after  a  90®  pulse. 


This  method  can  also  be  made  to  work  for  say  (CHJ  (irradiated  with 

A  n 

Y  -  rays  to  produce  unpaired  electron  spins)  at  room  temperature  or  liquid 
N2  temperature.  Generally  speaking  the  enhancements  observed  are  not  as 

large  as  for  helium  temperatures,  but  lie  in  the  ran^e  lOX  to  lOOX. 


B.  Applications  to  Nuclear  Gyros 


If  the  pulse-precession  method  is  used  foi*  sampling  the  nuclear  mag¬ 
netization,  it  would  appear  that  a  larger  S/N  ratio  would  be  obtainable  in 
solids  at  low  temperatures,  particularly  if  the  polarization  is  dvnamiyallv 

enhanced.  However  if  CW  methods  are  used,  where  V  signal 
probably  not  much  will  be  gained  by  using  solids  at  low  temperatures. 
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The  apparatus  necessary  to  obtain  an  enhancement  of  500X  at  helium 

I  temperatures  is  not  simple  nor  widely  known.  In  the  first  demonstrations 

we  have  used  large  (2  to  10  ton)  electro  magnets,  complex  microwave  equip¬ 
ment  (e.  g.  klystrons  of  several  watts  power  at  4  to  8  mm  w^ve  length),  com¬ 
plex  heliiim  dewars,  etc.  All  of  this  is  far  more  complex  and  bulky  than  the 
room  temperature  apparatus,  and  its  application  to  nuclear  gyros  is  not  easy, 
if  the  weight  of  the  equipment  is  a  consideration. 

ji  However  if  weight  is  not  a  factor  and  pulse-precession  methods  are 

used,  (where  signal  oC  M)  then  far  longer  signal  to  noise  ratios  will  be  ob- 

I  taineddn  solids  at  low  temperatures. 

'•if 

I 

C,  Possible  Reduction  in  Line  Width  in  Solids  at  Low  Temperatures 

j  For  really  high  dynamic  nuclear  polarizations  90%)  the  nuclear 

resonance  line  width  in  solids  should  become  considerably  narrower. 

]\  5.  Reference:  K.  Kawke  and  T.  Usui,  Progr.  Theor.  Phys.  (Kyoto) 

8,  302  (1952). 


I 


•’•s 


Generally  speaking,  the  result  of  ref.  5  is  that 

2 


where 


is  the  usvial  Van  Vlecks  line  width  observed,  and  also 


calculated  for  h  V  n «  1  .  Here  however  we  should  use  for  T  the 

hV  i 

effective  nuclear  spin  temperature.  For  very  high  polarizations,  /2KT  ^  1 
so  that  the  line  width  should  narrow,  or  even  split  up  into  several  lines, 

(each  very^sharp),  if  there  are  unequivalent  lattice  sites  for  the  nuclei.  The 
reason  the  line  narrows  is  that  for  complete  alignment  all  the  local  fields 
throughout  the  crystal  are  completely  determined  exactly.  There  is  no  pos¬ 
sibility  that  a  neighbor  nucleus  may  be  either  up  or  down,  thus  smearing  out 
the  local  field. 


We  have  observed  recently  the  beginning  of  this  narrowing,  roughly,  by 
only  a  factor  2,  at  a  polarization  of  70%.  However,  there  is  this  Interesting 
theoretical  possibility  that  one  could  get  very  narrow  lines  and  high  mag¬ 
netization  simultaneously  in  solids  at  very  low  temperatures,  obtained 

dynamically.  More  basic  work  needs  to  be  done  before  it  may  be  realized 
and  this  is  fairly  speculative. 


87 


APPENDIX  m 


Problem  of  Magnetic  Dilution  of  Nuclear  Spins: 

Does  this  give  an  increased  signal/nolse  ratio? 

BY  PROP.  C.  D.  JEFFRIES 

A.  References; 

1.  Abragam,  pp.  125-127. 

2.  Kittel  and  Abrahams,  Phys.  Rev.  90,  238  (1953). 

The  theoretical  predictions  (not  yet  experimentally  verified)  are  that 
upon  dilution  a  line  will  be  narrowed:  a)  with  a  line  width  proportional  to 

the  square  root  of  the  concentration  for  dilutions  y  ;  and  b)  with  a  line 

width  proportional  to  the  concentrations  for  dilutions  1  .We  ex- 

amine  this  effect  on  the  signal.  Part  n  for  both  CW  and  pulse  detections 
schemes. 

B.  CW  Detection 

I - "T 

Part  n,  eq.  (5),  signal  voltage  is  proportional  to  VyCs<.  N  '''jTg  .  In 

case  a)  above  let  N  =  N  f,  where  N  is  the  undiluted  nuclear  spin  concentra 

0  0 

tion  and  is  the  fractional  concentration  used  in  the  dilution.  Then,  since 
A  H  =  (  A  H)„  \p-^,  VyO<.  (N„0  Tjg,  f 

Thus  decreasing  the  concentration  only  reduces  the  signal;  f  ^  0. 1 
In  case  b)  N  =  N^f  .01 

’'2  =  '^20/, 

Vy  (K^f)  Tjd  f  ‘Z* 

The  signal  is  reduced  by  reducing  the  concentration, 

C.  Pulse  Detection 


Part  n,  eq.  (7),  signal  is  proportional  to 

J 


f  >  .1 


f  <  .01 

In  either  case  the  signal  is  reduced  upon  dilution,  but  it  decays  at 
a  less  rapid  rate.  It  is  difficult  to  say  if  a  net  advantage  is  gained  in 
overall  S/N  unless  more  is  specified  about  the  details  of  the  detection  scheme, 
the  duty  cycles  involved,  etc. 

Generally,  however,  it  appears  that  magnetic  dilution  can  only  reduce 
the  signal/noise  ratio. 


case  a)  V  N„fe 


-t  "f? 


y  -  o"  T, 


20 


case  b)  v/pC  N  .fe'‘^-'^'^20 


APPENDIX  IV 


Possibility  of  Obtaining  Enhanced  Nuclear 
Polarization  by  Optical  Pumping  Methods 

BY  PROF.  C.  D.  JEFFRIES 


A.  Gases 

Almost  all  the  work  has  been  done  on  gases,  so  we  mention  this  as 
background  for  speculation  on  solids. 

a)  Optical  pumping  polarization  of 

1,  Reference:  Shearer,  Colegrove  and  Walters,  Phys.  Rev, 
Letters  10,  108  (1963),  and  earlier  references  No,  1  and  No, 

2  given  in  this  paper. 

This  method  is  experimentally  very'^simple:  one  simply  shines  a  spe- 

3 

dial  lamp  onto  a  bulb  of  H  gas  at  about  1  mm,  pressure,  A  large  en¬ 
hancement  of  the  nuclear  polarization  is  produced  by  exchange-of-metastabil- 

ity  collision  of  atoms  with  excited  atoms.  Polarization  of  up  to 

60%  (private  communication)  have  been  obtained.  However,  the  nuclear  spin 

density  is  10^  lower  than  matter  of  normal  density  so  that  this  doesn't 
really  give  large  signate.  The  relaxation  time  is  rather  long:  Tj^  600 
seconds  and  Tg  is  entirely  determined  by  field  in  homogeneity, 

b)  A  variety  of  other  slightly  different  optical  pumping  methods  for 
gases  exist  and  do  work.  However,  all  operate  at  similar  pressures  (1  mm) 
and  so  nuclear  resonance  signals  would  be  small,  even  though  a  larger  en¬ 
hancement  is  obtained.  For  a  review  article,  see  F,  Bitter,  Applied  Optics, 
Vol.  1,  page  1  (1962). 

B.  Speculations  on  Solids 

We  review  an  example  from  gases,  as  indicative  of  the  method,  (Ref¬ 
erence:  F,  Bitter,  etal.  Rev.  Mod  Phys.  25,  174,  1953;  this  paper  gives 
the  theory;  the  method  has  now  been  made  to  work. ) 


Consider  a  gas  oi  vapor,  for  which  the  nuclear  spin  Is  I  «  « 

®  1  3  ^ 

The  ground  state  of  H  atoms  is  S  ;  the  excited  state  is  . 


OfVl  ^-4 


tr+  / 


+4 

. 


^  j=i 


^  j+i 


If.  4  J-tl 
J  J  =  o 


Only  the  F  =  levels  of  the  excited  state  are  shown.  K  the  vapor  is  illu 
minated  with  circtilarly  polarized  light  (^  ■^),  only  the  transitions 
1  13  1 

(  S  ,  '*1.  =  --jr)  — !►  (  P.  +-5 )  will  be  induced  upward,  as  shown. 


APPENDIX  V 


Ultimate  Limitations  of  Nuclear-Gyro  Precision 
BY  PROF.  C.  D.  JEFFRIES 


A,  Problem 

The  aim  of  the  gyro  is  to  measure  the  orientation  of  a  direction  ^ 
fixed  in  absolute  space  and  defined  by  an  initial  nuclear  magnetization 
—**■ 

M  =  M  =  M  'z  relative  to  vehicle  axes  x,  y,  z. 

0  0  ’ 


Initial  orientation,  just  prior  to  non-  Orientation  a  time  later,  at 

adiabatic  cut-off  of  instant  is  reapplied 


During  the  time  0^T<  t  ,  Ma  is  reoriented  to  the  position  given  by 
(  r  ,  due  to  the  motion  of  the  x,  y,  z.axes. 


When  is  reapplied  processes  about  z,  and  will  induce  a  voltage 

V  in  the  sensing  coil  given  by 

y 


+  4  TT  M  ) 

y/ 


My  =  -|(I-  sin  G  sin  cc 


I 

ly  Q  +  w  (t  -  t:  ) 


V  =  M  sin  6 

y 


sin 


0  +  w  (t  -  T  )1 


e> 


The  magnitude  V  determines  the  angle  B  . 

The  phase  of  at  t  =  T  determines  the  angle  Q 

The  angles  0  ,  CP-  are  to  be  measured,  or  rather,  a  servo  is  to 

o 

reorient  the  x,  y,  z  axes  so  that  0  -♦  0,  (|>  q  That  Is,  we  now 

let  X,  y,  z  be  the  axes  of  a  platform  in  the  vehicle  which  is  tolbe  constantly 
realigned  so  that  z  /  Actually  we  see  that  since  IVyl  «»<  M  sin  © 

there  will  be  an  uncertainty  in  0  if  there  is  an  uncertainty  in  M,  or  rather 
a  fluctuation  in  M.  We  estimate  that  fluctuations  in  M  for  several  processes 
below.  M  is  the  magnetic  dipole  moment  per  unit  volume. 

B.  Fluctuation  in  M  due  to  random  relaxation 

If  M  is  the  magnetization  at  time  t  =  o,  then  at  later  times, 

M  =  MqO'VTj^  where  Tj^  is  the  nuclear  spin  -  lattice  relaxation  time. 
This  equation  is  similar  in  form  and  interpretation  to  the  radioactive  decay 
equation:  C  =  C^e^VTj^. 

In  a  time  dt  there  will  be  dC  decays, 

dC  =  C^e-VT,  (-^)  dt 

1  I 

dc  dt^  a  t  ^  Tj 


Because  of  the  random  nature  of  the  decay,  there  will  be  a  statistical  fluctua¬ 
tion  A  (dC)  in  the  number  of  counts,  ^ven  by 


A  (dc) 


We  can  think  of  the  polarized  nuclear  spin  system  as  made  up  of 

^0  ^  2kT  effective  number  of  spins  pointing  up  initially,  where  N 

is  the  number  of  protons.  These  relax  at  a  rate  per  sec.  by  a  random 

process,  so  that  in  a  time  interval  T  the  number  to  relax  is 


and  the  fluctuation  in  that  number  is 

A  (dn)  r:-; 


.  'T* 

”T7 


N. 


This  is  also  the  fluctuation  in  the  number  remaining  up.  The  total  mag 

yj  H 

netization  is  just  M  =/.'  n  =,u  N  so  that  the  fractional  uncertainty 

in  the  total  magnetization  is  just  given  by 


A  M  n 

M  n 

o 


M  H 

Note  that  n^=  N  ( o  )  where  A'  =  proton  magnetic  moment; 

°  2kT  ^ 

izing  field;  T  =  spin  temperature  of  protons  =  N 

number  of  protons  in  sample. 


polar- 

total 


This  fluctuation is  thus  proportionartb  as  expected,  and 

also  proportional  to  \\  ,  which  is  the  kind  of  time  dependence  one  finds  in 
a  random-walk  diffusion  problem.  This  process  will  give  an  uncertainty  in 
angle  of  order  M/j^. 


C.  Fluctuation  in  direction  of  M  due  to  local  fields 

Assume  that  a  proton  sees  a  local  field  '  /v.  3  from  its 

nearest  proton  neighbor.  2  gauss,  typically.  Now  in  a  short 

time  •  the  precession  angle  will  be  ^LOC  'c  “  ^LOC  c 


The  time  ^  is  the  Debye  correlation  time  of  the  liquid  and  is  the 

mean  free  time  an  individual  proton  precesses  in  a  fixed  local  field  before 
being  interrupted  by  a  molecidar  collision,  which  redirects  the  local  field. 
We  use  the  result  of  the  random  -  walk  problem  to  see  that  after  n  col¬ 
lisions  the  rms  precession  angle  will  be 


W  V 

'^LOC  'c  '^n 


Now  n  = 


number  of  collisions  in  time  • ,  so  that 


Noting  that  we  have  a  total  of  N  protons, 
direction  of  precession,  the  average  spread  of 
for  the  whole  sample  will  be 


M  e  2') 


sample 

ave 


?  2 
~N 


vN 


If  we  use 


result 


T2 


for  motionally 


tlT  T2 


each  of  which  has  a  random 
direction  of  magnetization 


c 


narrowed  line,  we  get  the 


D.  Estimate  of  component  of  M  perpendicular  to  z  due  to  fluctuations 
because  of  finite  sample. 


In  the  absence  of  an  external  magnetic  field  the  megnetization  of  a  col¬ 
lection  of  spins  is  zero  about  any  direction,  but  the  distribution  is  of  inter¬ 
est.  This  may  be  calculated  as  in  the  random  walk  problem.  From  Kittel, 
Elementery  Statistical  Mechanics,  P.  21-25,  (John  Wiley,  1958)  and 
Kennard  Kinetic  Theory  of  Gases,  P.  268-271,  (Me  Graw  Hill  1938)  we  see 
that  about  any  direction,  say  the  x  direction,  the  total  magnetization  of  the 

sample  has  one  value  =  0  but  Mx  N  ,  where, u  is  the  proton 
moment  and  N  is  the  total  number  of  protons.  Thus  we  reason  as  follows. 

JJ 

We  initially  prepared  the  sample  with  a  magnetization  ^  ^  N  in 

2kT 

the  z  direction,  by  means  of  the  polarizing  field  Hq.  The  field  is  cut  off  and 
we  ask  what  is  the  rms  megnetization  in  the  x  direction.  The  ratio 

M^/Mz  will  be  an  indication  of  the  statistical  angular  spread  due  to 


finite  sample  number; 


/  N 


Mz 


H, 


0  . 


2kT 


N 


1  2k^ 

,N  /.'Ho 


If  the  polarization  is  enhanced  by  the  Overhouser  effect,  T  becomes  re 
duced  by  the  enhancement  ratio. 


E.  Evaluation 


1.  From  n, 


2kT 

...Ho 
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Take  N  '  10^^  protons,  'tSiiO.  1  sec,  1  sec 

■A  Hq  ,  5  X  10“24  X  2. 7  X  300  gauss  _ 

IkT  "  2  X  1.38  X  10-16  x  300*  K  ” 


^  ...  10-9 
M 

2.  From  m,  ^ 

■---jfrWLOc  -c 

Wloc  '  1®^  sec"'  ,  "‘  =  ((.1 
10-11  sec  N:;1o24 


3. 


From  IV, 

^.0 


1  2kT 

yWHo 
N=  10^^ 


Ho  "^^7' 

2kT 


A  e  ^  10"® 

This  is  the  longest  effect.  This  will  be  reduced  by)  actor  100  if  Overhauser 
enhancement  of  100  x  is  used . 


F.  Other  effects 

It  seems  to  me  that  the  largest  uncertainties  will  come  from  practical 
considerations,  i.  e. ,  instrumental  effects.  Suppose  that  the  polarizing  and/ 

or  processing  field  has  an  inhomogeneity,  A  H/h  .saThis  will  give  rise  to  a 

‘frequency  spread  A  A  H/u  voltage  Vy  WM  cos  Wt 

will  have  a  spread  in  frequencies  which  makes  it  difficuu  to  measure  exactly 
the  magnitude  and  initial  phase  -  these  are  needed  to  determine  (see  p.  93} 

0  and  'Pj  . 
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